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ABSTRACT 
Introduction: Hypermobility syndrome (HMS) is a common cause of morbidity in 
children, with the knee most frequently affected by its symptoms. Impaired joint 
proprioception has been reported in adults with HMS. Muscle weakness, problems 
with school activities and abnormal gait patterns have been observed in children 
with this condition. It has also been suggested that activities of daily living and 
physical and sporting activities may be limited in children with HMS due to pain. To 
date, the factors associated with HMS in children have not been well reported. The 
relationships between impairments, function and quality of life (QoL) have not been 
investigated in children with this condition. The purpose of this study was to identify 
the range of neuromuscular performance, functional range of motion (ROM) and 
QoL indices, and investigate the relationships between these features in children 
with HMS. A purpose-built motorised device was developed and validated for the 
assessment of knee joint proprioception as an integral part of the research 
programme. The test-retest repeatability of various outcome measures used for the 
present study was also investigated in healthy children and those with HMS. 
Methods: A cross-sectional study was conducted. Twenty nine children with HMS 
and 37 healthy children (aged 8 – 15 years) were investigated for neuromuscular 
indices, functional ROM and QoL. Knee joint kinaesthesia (JK) and position sense 
(JPS) were examined using a motorised device, muscle torque was tested with a 
digital myometer, passive ROM was measured with a universal goniometer and 
functional ROM was assessed using the VICON camera system. Pain intensity and 
QoL were measured using the Coloured Analogue Scale and the Paediatric Quality 
of life Inventory respectively. Mann-Whitney U tests and independent t-tests were 
performed to determine the differences between the two groups. The relationships 
between pain and each of the following: neuromuscular impairments, functional 
ROM and QoL were examined in children with HMS. The correlation between 
Beighton scores and each outcome was also evaluated in children with HMS.  
Results: Knee JK and JPS were significantly poorer (both p < 0.001) in children 
with HMS compared with the controls. Significantly reduced (p < 0.001) knee muscle 
torque was also observed in children with HMS. Pain intensity and passive knee 
ROM were significantly higher (both p < 0.001) in children with HMS. They also 
demonstrated significantly increased knee extension, reduced knee flexion in 
loading response and during maximal knee flexion of walking (all p <0.001). 
Moreover, the overall QoL perception and all the domains were significantly poorer 
(p range < 0.001 to 0.008) in children with HMS than the controls. No relationship (r 
range = -0.065 to 0.271; p range = 0.106 to 0.985) was found between pain, 
neuromuscular impairments and functional ROM in children with HMS. However, a 
significantly strong negative relationship (r = -0.65; p = <0.001) was established 
between pain and QoL in children with HMS. In addition, no relationship (r range = -
0.014 to 0.315; p range = 0.112 to 0.895) was observed between Beighton scores 
and neuromuscular impairments, functional ROM and QoL in children with HMS.   
Conclusions: Children with HMS, compared with their healthy counterparts had 
knee joint proprioception and knee muscle torque deficits, increased passive knee 
ROM and pain intensity. Abnormal walking patterns (increased knee extension, 
reduced knee flexion in both mid stance and maximum knee flexion in swing phase 
during walking) were also found in children with HMS. They also presented with 
poorer QoL in comparison with the controls. Clinicians are to be aware of these 
identified features and should develop appropriate treatment intervention 
programmes for children with this condition.  
 
Keywords: Hypermobility syndrome, proprioception, impairments, functional ability 
and quality of life 
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CHAPTER 1 : INTRODUCTION 
1.1 Background to the Study 
Hypermobility syndrome (HMS) was defined by Kirk et al. (1967) as a generalised 
joint laxity (GJL) with associated musculoskeletal complaints in the absence of any 
systemic rheumatic diseases. Joint laxity is an increased mobility of small and large 
joints beyond the range of motion considered normal (Biro et al. 1983). GJL is a 
condition in which most synovial joints possess greater range of motion than normal 
limits (Boyle et al. 2003). The aetiology of GJL and HMS is unknown, although GJL 
is a prime feature of HMS and it is believed that it is genetic disorders of collagen 
fibres (Grahame et al. 1999). This thesis specifically deals with HMS with referrals to 
GJL being made only in recognition of its contribution to HMS. 
 
The prevalence of GJL in preschool children has been reported to be as high as 
64.6% (Lamari et al. 2005). In children, GJL decreases with increasing age (Cheng 
et al. 1991; Jansson et al. 2004) and girls are found with a higher degree of GJL 
than boys at any age (Jasson et al. 2004; Seckin et al. 2005; Bird 2007). GJL may 
incur no ill effects in children (Grahame et al. 1999; Engelbert et al. 2003; Engelbert 
et al. 2006) and may be an advantage in some sports, such as ballet dancing 
(McCormack et al. 2004). However, HMS, sometimes called benign hypermobility 
syndrome (BHMS), is diagnosed when GJL becomes symptomatic with 
musculoskeletal complaints in the absence of signs of any rheumatic, neurologic, 
skeletal, or metabolic disorders (Engelbert et al. 2005). It is a common complaint in 
paediatric rheumatology and among healthy school children (Biro et al. 1983). HMS 
accounted for 26% of referrals to the paediatric rheumatology clinic at the Royal 
Hospital for Sick Children (RHSC), Edinburgh (Kerr et al. 2000) of which most had 
knee and/or ankle complaints. The reported prevalence of HMS may vary according 
to the criteria and cut-off points used for assessment (Cherpel and Marks 1999) as 
there is no universally accepted ‘gold standard’ for defining GJL and HMS.  
 
It has been suggested that children with HMS may present with a variety of 
neuromusculoskeletal complaints such as joint pain, muscle pain, back pain and 
muscle weakness (Maillard and Murray 2003). The knee joint is most commonly 
affected by the symptoms of HMS in children (Everman and Robin 1998; Kerr et al. 
2000; Adib et al. 2005). The only well-reported complaints affecting children with this 
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condition are multiple joint pains (Everman and Robin 1998). Apart from joint pain, 
the first neurophysiological dysfunction reported in adults with HMS was impaired 
joint proprioception (Mallik et al. 1994; Hall et al. 1995). To date, joint proprioception 
has not been investigated in children with this condition.  
 
Knee joint proprioception is commonly assessed using motorised devices (Barrack 
et al. 1983a; 1983b; Skinner et al. 1984; Skinner et al. 1986; Grob et al. 2002; 
Robert et al. 2003; Xu et al. 2004). Joint kinaesthesia (JK) and joint position sense 
(JPS) are two techniques commonly used for testing proprioception of the knee joint 
(Barrack et al. 1983c; Corrigan et al. 1992; Grob et al. 2002). These two 
proprioceptive tests have been shown to elicit different responses in the same group 
of subjects (Fridén et al. 1997). Moreover, in adults, a lack of correlation has been 
observed between the two tests (Grob et al. 2002). It is currently unknown whether, 
in children, similar disparities are evident in the relationship between the two 
techniques. There is limited information regarding knee joint proprioception in 
children, as only one study was found investigating this in children using a motorised 
device (Barrack et al. 1983c). This may be due to lack of a quantitative method of 
assessing this outcome in children. Therefore, there was a need for a motorised 
device to be developed for assessing knee joint proprioception in healthy children 
and those with HMS.  
 
Adults with HMS have also been found with neuromusculoskeletal signs such as 
carpal and tarsal tunnel syndromes (Francis et al. 1987; March et al. 1988), and 
symptoms of sciatica (Beighton et al. 1989). Autonomic (Gazit et al. 2003) and 
musculoskeletal reflex (Ferrell et al. 2007) dysfunctions have recently been reported 
in association with HMS in adults, which further confirms that there may be some 
neuromuscular impairments in patients with HMS. Despite the common occurrence 
of HMS in children and increasing knowledge of neuromuscular impairments in 
adults with this condition, little attention has been given to its clinical implications in 
children. Therefore, it is unknown whether children with HMS present with similar 
neuromuscular impairments. 
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Some researchers (Jaffe et al. 1988; Tirosh et al. 1991) have reported that gross 
and fine motor development may be delayed in children with GJL. On the other 
hand, investigators such as Davidovitch et al. (1994) and Engelbert et al. (2005) 
reported no relationship between GJL and fine motor development in children. The 
above-mentioned authors examined children with GJL and not those with HMS their 
results may not therefore be applicable to children with HMS. Muscle weakness has 
been reported in adults with HMS (Sahin et al. 2007). In addition, it is believed that 
muscle weakness around lax joints (Biro et al. 1983), particularly of the lower limbs 
(usually in the knee) may be a feature of HMS in children (Maillard and Murray 
2003). However, cross-sectional studies by Engelbert et al. (2003; 2004; 2006) 
revealed no significant difference in ‘total muscle strength’ between children with 
HMS and healthy controls. In the above three studies by Engelbert et al., the sample 
sizes were small, limiting the generalisability of their findings. In addition, the knee, 
which is mostly affected by the symptoms of HMS (Kerr et al. 2000; Adib et al. 
2005), was not examined in their studies.  
 
Some years ago, it was suggested that individuals with HMS may present with 
abnormal joint biomechanics due to ligamentous laxity (Hall et al. 1995; Grahame 
2000a), however, this view is yet to be confirmed empirically. Only a few authors 
have investigated gait characteristics in children with HMS (Engelbert et al. 2004; 
Adib et al. 2005). Toe-walking was seen in children with HMS by Engelbert et al. 
(2004) suggesting that children with this condition may present with abnormal gait 
patterns. This was corroborated by Adib et al. (2005) who observed abnormal gait 
patterns and delayed walking in these children. However, the precise nature of gait 
abnormality in these children was not investigated by Adib et al. It is therefore 
uncertain whether abnormal knee joint biomechanics are found in children with HMS 
during walking.  
 
Anxiety, panic attacks, and phobias (Bulbena et al. 1993) have been observed in 
adults with this condition. In a study of adults with HMS by Ferrell et al. (2004) a 
significant improvement in quality of life (QoL) and other neuromuscular parameters 
was reported following an 8-week exercise programme. It is not clear whether QoL 
was poorer in individuals with HMS than their healthy counterparts, however, due to 
a lack of a parallel control group in Ferrell et al.’s study. 
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It has been suggested that activities of daily living and physical and sporting 
activities may be limited in children with HMS due to pain (Gurley-Green 2001; 
Murray and Woo 2001). However, Ruperto et al. (2004) investigated functional 
ability and physical and psychosocial well-being of school children with GJL and 
those without GJL. They found that none of these were significantly affected in 
children with GJL. In addition, Ruperto et al. (2004) reported that children with GJL 
had role and social limitations compared with those without GJL. These studies 
were not conducted on children with HMS, therefore, it is unknown whether QoL is 
affected in these children.  
 
Many diagnostic criteria have been developed for GJL and HMS. These include the 
Carter and Wilkinson scoring system (1964), Beighton et al. (1973), Bulbena et al. 
(1992) and Brighton criteria (Grahame 2000a) and Comtompasis scoring system 
(Poul and Fait 1986). The Beighton score (in the presence of pain) is frequently 
used to diagnose HMS as they could be applied by clinicians in a few minutes (Bird 
2005). They have recently been validated in Dutch children (van der Giessen et al. 
2001). They are described as a set of crude diagnostic joint movements (Grahame 
1990) designed for epidemiological studies (Bulbena et al. 1992). The Beighton 
method does not consider some joints that may also become symptomatic such as 
the shoulder joint. In addition, this method does not give the extent of laxity at 
specific joints and indicate the severity of symptoms found in HMS (Grahame 1999).  
 
Diagnosis of HMS using any of the above mentioned criteria (based on measuring 
passive range of movement and musculoskeletal pain) has some limitations. The 
observed range of movement using the criteria depends on the force applied to the 
moving part (Engelbert et al. 2005). In addition, the presensnce of pain may not be 
sufficient to reflect the range of other possible factors (such as neuromuscular 
impairments, functional ability and QoL characteristics) in children with this 
condition.   
 
It is believed that HMS is under-recognised and sometimes dismissed as a 
pathological condition (Grahame and Bird 2001) therefore children with HMS are 
often not identified during clinical assessment (Lewkonia and Ansell 1983; Grahame 
2000a). Even though children with HMS are occasionally referred for physiotherapy 
(Engelbert et al. 2005) their condition has no definitive treatment (Ferrell et al. 2004) 
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and therefore they may not receive appropriate intervention (Lewkonia and Ansell 
1983; Grahame 2000b).  
 
At present, there is no general agreement on which neuromuscular indices are 
affected in children with HMS as most previous studies have focused on adults 
(Mallik et al. 1994; Hall et al. 1995; Sahin et al. 2007). To date, the relationships 
between neuromuscular indices have also not been reported in children with HMS. 
The author of this thesis is also not aware of any study that has investigated the 
effect of neuromuscular impairments on functional ability and or QoL in children with 
HMS. There is currently a lack of indepth knowledge of the factors associated with 
this condition in children.  
 
The influence of age and gender on these indices in healthy children has also not 
been well documented. If clinicians are to successfully manage children with HMS, 
the knowledge of the factors associated with their condition is important. This study 
addressed the need to develop an understanding of the neuromuscular 
performance, functional ROM and QoL characteristics in both healthy children and 
those with HMS. This investigation also examined the relationships between these 
characteristics in children with this condition.  
1.2 Aims of the Study 
 
The aims of the present study are divided into primary and secondary. 
1.2.1 Primary Aims 
1. To identify the neuromuscular performance, functional ROM and QoL 
characteristics in children diagnosed with HMS and healthy children. 
2. To determine the relationships between pain and each of the following: 
proprioception, muscle torque, passive ROM, functional ROM (during 
walking) and QoL in children diagnosed with HMS. 
1.2.2 Secondary Aims 
1. To develop and validate a motorised device for assessing knee joint 
proprioception.  
2. To determine the test-retest/intra-rater repeatability of methods for assessing 
the neuromuscular performance, functional ROM and QoL characteristics in 
healthy children and those diagnosed with HMS. 
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3. To investigate the effect of gender and age on neuromuscular, functional 
ROM and QoL indices in healthy children. 
4. To determine the relationship between knee JK and JPS in healthy children. 
 
This research focussed on the knee joint for the following reasons: 
 
1. The knee joint appears to be mostly affected by symptoms of HMS (Everman 
and Robin 1998; Kerr et al. 2000; Vougiouka et al. 2000; Adib et al. 2005). 
2. Previous studies on joint proprioception in adults with HMS were conducted 
on the knee (Hall et al. 1995; Ferrell et al. 2004); hence, their findings were 
available for comparison with the results of the current investigation. 
1.3 Outline of Thesis  
 
Chapter 1 has discussed the ‘Background to the study and Aims of the study’. 
 
Chapter 2 describes the ‘Aetiology/Pathophysiology, Epidemiology and Clinical 
Features of Generalised Joint Laxity/HMS’ in Children’.  
 
Chapter 3 reviews the ‘Diagnostic Criteria for Generalised Joint Laxity and HMS, 
and Methods of Assessing Associated factors’. This review focuses on the different 
diagnostic criteria used for generalised joint laxity and HMS, and instrumented 
method of assessing ROM. Different methods of assessing pain, muscle strength, 
functional ROM during walking and QoL are also reviewed.   
 
Chapter 4 describes ‘Joint Proprioception’ beginning with different definitions of 
proprioception, neurophysiology of proprioception, a summary of the structure and 
function of proprioceptors, factors affecting joint proprioception, and methods of 
assessing joint proprioception. The relationship between joint kinaesthesia (JK) and 
joint position sense (JPS) are also examined. In addition, different types of JPS 
measurement errors are described. 
 
Chapter 5 presents the ‘Equipment Development and Validation’. The criterion-
related validity of lower leg displacement when placed in the limb support of the 
motorised device, within-day repeatability of JPS test and between-days 
repeatability of marker placement are also reported in this chapter.   
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Chapter 6 contains ‘Test-retest Repeatability of the Outcome Measures for 
Evaluating Neuromuscular Impairments, Functional ROM during walking and QoL 
characteristics in healthy children and children with HMS’.  
 
Chapter 7 describes the ‘Assessment of Healthy Children and those Diagnosed with 
HMS’. Experimental design, subject recruitment and sample size determination are 
also presented. This chapter discusses ethical considerations and approval, 
inclusion/exclusion criteria, experimental procedure and data analysis. The ‘Results 
of the Assessment of Healthy Children and those with HMS are also presented in 
this chapter which include the following: neuromuscular impairments, functional 
ROM during walking and QoL characteristics in healthy children and those with 
HMS, the effect of gender and age on these characteristics in healthy children, and 
relationship between knee JK and JPS in healthy children. In addition, the 
relationships between pain and each measurement parameter and between 
Beighton scores and each of the outcomes examined in children with HMS are 
described. 
 
Chapter 8 ‘Discussion’. The findings in both children with HMS and healthy controls 
are discussed. Clinical implications of the findings are also examined. 
 
Chapter 9 contains ‘Summary, Conclusions and Recommendations’ of the present 
research including the strengths and limitations. Suggestions for future studies are 
also highlighted.  
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1.5 Summary of Chapter One 
From the foregoing, it is clear that HMS affects a sizeable proportion of children. The 
neuromuscular performance, functional ROM and QoL characteristics associated 
with HMS are not known. In addition, the relationships between these characteristics 
in children with this condition are yet to be understood. These may impact on the 
treatment received by children with HMS. Therefore, the primary aims of the current 
research are to identify the neuromuscular performance, functional ROM and QoL 
characteristics in children with HMS and determine the relationships between them. 
 
The next chapter presents the aetiology/pathophysiology and epidemiology of 
GJL/HMS in children. The clinical features of HMS as they relate to 
neuromusculoskeletal impairments, activity limitations and participation restrictions 
are also discussed. 
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CHAPTER 2 : AETIOLOGY, EPIDEMIOLOGY AND CLINICAL 
FEATURES OF GENERALISED JOINT LAXITY AND 
HYPERMOBILITY SYNDROME IN CHILDREN 
2.1 Introduction 
The terms ‘generalised joint laxity’ and ‘joint hypermobility’ are often used 
interchangeably. In addition, the terms ‘hypermobility syndrome’, ‘joint hypermobility 
syndrome’ and ‘benign joint hypermobility syndrome’ are also sometimes used 
interchangeably. Because of the ambiguity, the terms ‘generalised joint laxity’ (GJL) 
and ‘hypermobility syndrome’ (HMS) are used throughout in this thesis. 
 
The aetiology of GJL, as well as the long-term outcome of children with this entity is 
unknown (Tirosh et al. 1991). The primary cause of GJL is increased ligamentous 
laxity (Maillard and Murray 2003; Bird 2005). Ligamentous laxity is inherent in a 
person’s make up and it is determined by the influence of fibrous protein genes, in 
particular those that encode collagen, elastin, and fibrillin (Grahame 1999). GJL may 
also result from joint destruction in diseases such as rheumatoid arthritis (Klemp 
1997). Diseases such as hyperparathyroidism and rheumatic fever are also thought 
to predispose to GJL (Beighton et al. 1989; Klemp 1997).  
 
GJL is thought be a disorder of the connective tissue (Grahame 2000a; Hakim et al. 
2004). It may be a feature of hereditary disorders of the connective tissues such as 
Marfans syndrome (an autosomal dominant disorder of the connective tissues) and 
Ehlers-Danlos syndrome (a heterogeneous group of heritable disorders of the 
connective tissue, characterised by skin extensibility, generalised joint laxity and 
tissue fragility). GJL is also found in rare disorders of amino acid metabolism, and it 
may exist as an acquired condition in some neurological and rheumatic diseases 
(Milkkelsson et al. 1996). Other factors such as sex hormones (Calguneri et al. 
1982), occupation and training or repetitive activities (Klemp et al. 1984) may 
predispose to joint laxity. GJL seems to be inherited as a gender-influenced 
dominant feature which is more common in girls than boys (Biro et al. 1983; Klemp 
et al. 1984; Larsson et al. 1987; Jasson et al. 2004; Seckin et al. 2005; Bird 2007).  
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GJL may be a risk factor for musculoskeletal complaints such as pain in four or 
more joints longer than three months, dislocation in more than one joint or in one 
joint on more than one occasion, and soft tissue rheumatism with ≥3 lesions (e.g. 
epicondylitis, tenosynovitis, bursitis). According to Bird (2007), the following may 
also be found in HMS: 1). Marfanoid habitus (tall, slim, span:height ratio >1.03, 
upper:lower segment ratio <0.89, arachnodactyly); 2). Abnormal skin (striae, 
hyperextensibility, thin skin, papyraceous scarring); 3). Eye signs (drooping eyelids 
or myopia or antimongoloid slant); and 4). Varicose veins, hernia or uterine/rectal 
prolapse. Therefore, HMS is diagnosed when GJL becomes symptomatic or 
associated with some of the above factors in the absence of any rheumatic disease. 
The primary clinical feature found in association with GJL is multiple joint pain. 
Patients with HMS may also present with neuromusculoskeletal signs such as 
impaired joint proprioception (Mallik et al. 1994; Hall et al. 1995).  
 
This chapter provides an overview of the possible causes and factors predisposing 
to GJL and HMS. The epidemiology and clinical features of HMS (relating to 
impairments, activity limitations and participation restrictions) are also discussed in 
this chapter. 
2.2 Aetiology of Generalised Joint Laxity and HMS 
2.2.1 Generalised Joint Laxity 
Generalised joint laxity (GJL) is believed to be due to abnormality of type I collagen 
(Child 1986). Type I collagen is the most common collagen in the human body 
(Maillard and Murray 2003). With a high tensile strength, type I collagen is normally 
abundant in connective tissues such as tendons, ligaments, joint capsules, skin, 
demineralised bone and nerve receptors (Prockop and Kivirikko 1995; Maillard and 
Murray 2003). Type II collagen is found primarily in hyaline cartilage (Maillard and 
Murray 2003), and type III collagen in the same tissues as type I collagen, usually in 
lesser amounts (Prockop and Kivirikko 1995). Type III collagen compared with types 
I and type II collagen is thin and elastic. It is found in greater amounts in extensible 
connective tissues (vascular system, skin and lung) (Prockop and Kivirikko 1995). 
The ratio of type III collagen to type III + I collagen (III: III + I) was found to increase 
in individuals with HMS (Handler et al. 1985; Child 1986). Normally, this ratio is 
18%: 21%, whereas in people with HMS this ratio was found to be 28%: 46% 
(Handler et al. 1985). Electron microscopy of skin biopsies showed that these 
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individuals had a decreased number of thick collagen fibres and increased 
prevalence of fine disorganised fibres when compared with age-matched controls 
(Handler et al. 1985). Therefore the decreased tissue stiffness (increased joint 
laxity) seen in children with GJL may be the result of the abnormal ratio of collagen 
types (Handler et al. 1985).  
2.2.2 Hypermobility Syndrome (HMS) 
The mechanism by which joint symptoms develop in individuals with HMS is not well 
understood. However, it may be related to excessive stretching of ligaments 
(Gedalia et al. 1993). The joints are normally surrounded by soft tissues: joint 
capsule, ligaments, tendons and muscles (Gedalia et al. 1993). These structures are 
responsible for joint stability (Maillard and Murray 2003). Excessive motion or 
inappropriate physical activities that hyperextend the joints, stretches the capsules, 
ligaments and other soft tissues causing micro-trauma (Gedalia et al. 1993; 
Everman and Robin 1998). In addition, joint instability resulting from ligamentous 
laxity (Maillard and Murray 2003) due to abnormality of collagen fibres (Bird 2005) 
may also lead to soft-tissue micro-trauma (Gedalia et al. 1993). It is also believed 
that stresses on a lax joint of individuals with GJL may lead to biomechanically 
disadvantaged loading conditions being adopted by the joint and this may result in 
micro-trauma (Lewkonia and Ansell 1983). Pain in children with HMS is also 
believed to occur because of enhanced tissue sensitivity or recent sprain/strain 
injuries (Adib et al. 2005). Joint laxity in HMS may lead to wear and tear of the joint 
surfaces, impose stresses on a joint and predisposes the sufferer to premature 
articular degeneration (Lewkonia and Ansell 1983). As shown in Figure 2.1, 
Grahame (2000b) suggested that there is a strong relationship between genetic 
abnormality, biomechanical defect and mechanical consequences in individuals with 
HMS. 
 
Genetic anomaly              Biochemical defect                 Impaired tensile strength 
 
       Tissue fragility                                                   Tissue hyper-extensibility 
 
Mechanical failure 
 
Figure 2.1: The relationship between genetic anomaly, biomechanical defect 
and mechanical consequences (adapted from Grahame 2000b). 
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Complaints in HMS may also be due to fragility of the collagen (Bulbena et al. 1992) 
providing inadequate support to a joint. Over-stimulation of sensory nerve endings 
and primary muscular defects may also be the causes of joint and muscle pain seen 
in children with HMS (Beighton et al. 1989; Gedalia et al. 1993). 
 
The increased incidence of acroparesthesia (abnormal neurological sensation of 
one or more extremities) reported in individuals with HMS (El-Shahaly and E-Sherif, 
1991) is thought to be due to abnormalities in the nerve tissue as well as 
surrounding connective tissues. Impaired joint proprioception (Mallik et al. 1994; Hall 
et al. 1995) may be due to damage to joint receptors from the excessive mobility of 
their joints, which might explain the apparent tendency to experience ligament and 
joint capsule trauma (Grahame 2000a) due to impaired sensory feedback from the 
affected joint.  
2.2.3 Summary 
In summary, GJL may be caused by ligamentous laxity. This is inherent in a 
person’s make up and is determined by the influence of their fibrous protein genes. 
Of particular importance in this respect are the genes that encode collagen, elastin, 
and fibrillin. GJL may also be associated with irreversible changes that occur in 
connective tissues in certain acquired diseases including acromegaly and 
hyperparathyroidism.  
 
The factors contributing towards the development of HMS seem to be complex. 
They may be damage to joint receptors from excessive joint mobility, or 
inappropriate physical activities that hyperextend the lax joint and stretches the 
capsules, ligaments and other soft tissues, causing micro-trauma and over-
stimulation of nerve endings.  
 
In the next section, the epidemiology of GJL and HMS in children will be discussed. 
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2.3 Epidemiology 
2.3.1 Generalised Joint Laxity in Children 
Children possess an inherent greater range of motion in their joints than adults, with 
a gradual reduction in this range observed with age. GJL is classified into pauci-
articular (or localised) and poly-articular (Larsson et al. 1987). Pauci-articular by 
definition is when less than five joints are involved whereas poly-articular is when 
five or more joints are involved (Grahame 1999). 
 
Table 2.1 summarises the prevalence of GJL in children. At the moment there is no 
general agreement on the prevalence of GJL. Table 2.1 illustrates that GJL can be 
seen in up to 64.6 % of the children (Lamari et al. 2005), depending on the criteria 
used to define it. GJL has been reported to decrease with age (Cheng et al. 1991; 
Larsson et al. 1993b; Jansson et al. 2004) as joints tend to stiffen and lose mobility. 
The pauci-articular variety has been reported to be more prevalent (Grahame 1999). 
In general, Table 2.1 shows that the overall prevalence of GJL in children ranges 
from 8.8% to 64.6%. It also demonstrates that GJL affects girls more than boys of 
the same age. From the Table it can be seen that the prevalence of GJL ranged 
from 3.3% to 60% in boys and 10.8 to 68.8% in girls. Decorster et al. (1997) found 
that the incidence of GJL in adolescent athletes was greater in girls than in boys at a 
ratio of 4:1. Qvindesland and Jonsson (1999) demonstrated that the prevalence of 
HMS in Icelandic 12-year-olds was higher in girls than in boys at a ratio 3:1. GJL is 
believed to be more prevalent among younger females of Asian, African and Middle 
Eastern populations (Finsterbush and Podrund 1982; Larsson et al. 1993; Everman 
and Robin 1998).  
 
Given the high prevalence of GJL in children, it is possible that a large proportion of 
these children may develop symptoms associated with HMS. 
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Table 2.1: Summary of some studies reporting the prevalence of generalised joint laxity in children 
Authors Criteria used 
(cut off point) 
Age 
(years) 
Sample size 
& Population 
Number of 
Boys/ Girls 
Total 
Prevalence 
(%) 
Prevalence in 
Boys 
(%) 
Prevalence in 
Girls 
(%) 
Gedelia et al. (1985) Beighton (not 
reported)  
5 - 17 260 American 
school children 
134/126    12.3 6.7 18.3 
Forleo et al. (1993) Beighton (>5/9) 5 - 17 1005 Brazilian school 
children 
445/589 36.3 41.1 58.9 
Subramanyan and 
Janaki (1996) 
Beighton (>4/9) 6 - 15 1000 South Indian 
children 
500/500 17.2 19.1 15.0 
Decoster et al. 
(1997) 
Beighton (>5/9) Mean 
15.5  
364 US adolescent 
athletes 
150/114 12.9 6.9 33.7 
Vougiouka et al. 
(2000) 
*Beighton (>3/5) 5 - 14 2432 Greek school 
children 
1280/1152 8.8 7.1 10.8 
Seckin et al. (2005) Beighton (>4/9) 13 - 19 861 Turkish high 
school students 
428/433 11.7 Not reported Not reported  
Lamari et al. (2005) Beighton (>4/9) 4 - 7 1120 Brazilian 
preschool children 
534/586 64.6 60 68.8 
Gyldenkerne et al. 
(2007) 
Beighton (>4/9) 12 - 13 364 Danish grammar 
school children  
178/156 9.4 3.3 16.6 
 
*measured only the right limbs and lumbar flexion.     
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2.3.2 Hypermobility Syndrome in children 
The prevalence of GJL and how it is affected by gender, age and ethnic background 
has been discussed in section 2.3.1. In this section the prevalence of HMS in 
children is examined. It is believed that most children with GJL have no ill effects 
and enjoy a symptom-free life (Engelbert et al. 2005). Beighton et al. (1989) 
reported that children with HMS usually present with complaints after the age of 10 
years and only occasionally before the age of 5. Table 2.2 and 2.3 present a 
summary of the studies that have reported the prevalence of joint/muscle pain in 
school children and HMS among paediatric rheumatology referrals respectively. 
From Table 2.2 it can be seen that the prevalence of pain among school children 
with GJL ranged from 30% to 55%. In Table 2.3, it can be observed that the 
prevalence of HMS among paediatric referrals was 5.7% to 26%. The data reported 
on the prevalence rate should be regarded with caution because of the following 
reasons: 1. Different criteria and cut off points were used by the authors; 2. Children 
of different ages were studied and this may therefore have affected their findings as 
it has been shown that GJL decreases with age (Larsson et al. 1993); 3. Participants 
in the studies presented in Tables 2.2 and 2.3 were recruited from different 
populations (Paediatric rheumatology referrals and school children) with variable 
sample size; 4. The inclusion and exclusion criteria and how participants were 
recruited were not stated in some cases. Despite these limitations, the following 
conclusions could be drawn from Tables 2.2 and 2.3: a. It appears that the knee 
joint is most commonly affected by the symptoms of HMS; b. HMS seems to be a 
common condition in children with rheumatological conditions; c. A large proportion 
of children with GJL might also present with the symptoms of HMS. 
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Table 2.2: The prevalence of joint pain/muscle pain among school children with generalised joint laxity  
Authors Criteria used 
(cut off point) 
Age  
(years) 
     Sample size 
    & Population 
Number with 
GJL 
Number 
with pain 
Total (%) 
with pain 
Arroyo et al. (1988) Beighton (> 5/9) 5 – 19 192 American school 
children 
Not reported 66 34 
Mikkelsson et al. 
(1996) 
Beighton (> 6/9) Mean 3rd grade = 
9.8; Mean 5th 
grade = 11.8 
1637 Finish school 
children in 3rd and 5th 
grades  
      127 38 29.9 
El-Garf et al. (1998) Beighton (> 4/9) 6 – 15 997 Egyptian school 
children  
 116    35 30 
Qvindesland and 
Jónsson (1999) 
Beighton (> 4/9) 12 267 Icelandic school 
children 
       74 41 55 
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Table 2.3: The prevalence of HMS in children with rheumatological conditions  
Authors Criteria used 
(cut off point) 
Age  
(years) 
Sample size 
& Population 
 
Number 
with HMS 
Total (%) with 
HMS 
Joints 
affected 
Joint affected 
most 
Biro et al. (1983) Beighton (>3/5*) Not reported 262 Paediatric 
rheumatology 
referrals 
15 5.7 Knees, 
hands & 
fingers 
Knee 
Kerr et al. (2000) Beighton (not 
reported) 
2 -14 Paediatric 
rheumatology 
referrals. Sample 
size not reported 
51 children 
diagnosed 
with HMS  
26% of 
paediatric 
rheumatology 
referrals 
Knee, 
ankle 
Knee 
De Inocencio et al. 
(2004) 
Beighton (> 4/9) 4 - 14 222 paediatric 
referrals 
43 19.4 Not stated Not reported 
Adib et al. (2005) Beighton (not 
reported) 
< 18 Paediatric referrals 
to rheumatology 
and hypermobility 
clinics. Sample size 
not reported  
189 children 
with HMS 
Not reported Knee, 
elbow, 
ankle etc 
Knee 
 
 
 
 
 
 
Key: 
*measured only the right limbs and lumbar flexion.  
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2.3.3 Conclusion 
The prevalence of GJL may be up to 64.6% in children (Lamari et al. 2005) and the 
occurrence of joint/muscle pain among school children with GJL can be as high as 
55% (Qvindesland and Jónsson 1999). In addition, the prevalence of HMS among 
paediatric rheumatological referrals may be as high as 26% (Kerr et al. 2000). GJL 
also varies among ethnic groups and decreases with increase in age. GJL appears 
to be more common in girls than boys. 
 
In the majority of the epidemiological studies, the authors did not state the inclusion 
and exclusion criteria for their studies and how their study participants were 
recruited. The samples used in most of these studies were small. Therefore, their 
results may not reflect the true prevalence of GJL and HMS in children. Despite 
these limitations, these studies provide some useful information for future research. 
 
The anatomy and biomechanics of the knee joint in the following section examines.  
2.4 Anatomy and Biomechanics of the Knee Joint 
Table 2.3 demonstrated that the knee joint is mostly affected by the symptoms of 
HMS. Therefore, for a good understanding of the joint, issues relating to the 
biomechanics of the knee joint are discussed in this section. The knee is primarily a 
hinge type of synovial joint. The components of this joint include a bicondylar femur, 
cruciate ligaments, and menisci. The knee accepts, transfers, and dissipates often 
high loads among the femur, tibia, patella and fibula (Dye 1996; Dye et al. 1998). It 
is believed that the knee joint cannot function normally without the complex 
neurological components providing sensory innervation (including proprioception) as 
well as active muscle control (Dye and Vaupel 2000). Detailed description of the 
anatomy, motor and sensory innervations of the knee joint are provided by Moore 
and Dalley (1999) and Dye and Vaupel (2000). The mechanisms and 
neurophysiology of proprioception are dealt with in more detail in chapter 4 of this 
thesis. The following section describes the biomechanics and flexion-extension axis 
of the knee joint. 
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2.4.1 Biomechanics and axis of the Knee Joint 
The knee joint is formed by the femur and tibia. In addition, the patella lies within the 
patella tendon and glides over a groove on the front of the femur during knee 
motion. The main movements of the knee joint are flexion and extension. However, 
some rotation occurs when the knee is flexed (Moore and Dalley 1999). When the 
knee is fully extended with the leg and foot on the ground the knee locks because of 
medial rotation of the femur on the tibia. This makes the lower limb a solid column 
and more adapted for weight bearing (Moore and Dalley 1999).  
 
The knee joint axis for flexion-extension ROM is commonly described using two 
axes (Most et al. 2004): the transepicondylar axis (TEA), which connects the most 
prominent points on the lateral and medial condyles (Churchill et al. 1998) and the 
geometric centre axis (GCA) that is defined as a line connecting the centres of the 
two femoral condyles (Li et al. 2004). Geometrically, differences have been 
observed between these two axes (Eckhoff et al. 2001; Li et al. 2004). Churchill et 
al. (1998) found that TEA closely approximates the optimal flexion-extension axis of 
the knee joint. Eckhoff et al. (2004) observed that GCA represents a single, fixed 
axis for flexion-extension at the knee joint. However, tibia rotation using the GCA 
was significantly higher (p < 0.05) than TEA throughout the entire range of knee 
flexion (Most et al. 2004). 
 
Although the TEA represents an accurate axis for estimating flexion-extension ROM 
at the knee joint, it is not truly fixed as it changes throughout the ROM (Snyder-
Macker and Lewek 2006). This change is believed to be due to the incongruence of 
the joint surfaces. The large articular surface of the femur and the small tibia 
condyle create a potential problem as the femur begins to flex on a fixed tibia. When 
knee flexion (00 to 250) is initiated, the femoral condyles roll on the tibia, bringing 
them in contact with the tibia condyle posteriorly (Snyder-Macker and Lewek 2006). 
With further knee flexion, the rolling of the femoral condyles is accompanied by 
anterior glide that creates a spin of the femur on the posterior tibia with linear 
displacement of the femoral condyles after 250 of knee flexion. Knee extension from 
flexion is a reversal of this motion. When the tibia flexes on a fixed femur, for 
example during a seated position such as when knee joint proprioception is tested, 
the tibia both rolls and glides posteriorly on the relatively fixed femoral condyles. 
However, anterior roll and glide of the tibia occur when the tibia is extended on a 
 20
fixed femur. Detailed information on the knee biomechanics is provided by Snyder-
Macker and Lewek (2006). 
 
Lehmkuhl and Smith (1983) believed that changing in the axis of motion of the 
human knee during flexion-extension movement causes problems when devices 
with mechanical hinge joints such as a goniometer, isokinetic dynamometer and 
proprioception devices are applied to the knee joint. It has been observed that when 
the knee joint is moved the anatomical axis of the joint moves, while the mechanical 
axis of the aligned device remains fixed (Lehmkuhl and Smith 1983). Therefore, the 
ROM of the knee may differ at different phases of movement. Acknowledging this 
limitation, the TEA method has been used to define flexion-extension axis during 
goniometry measurement (Clarkson 2000; Norkin and White 2003) and knee 
proprioception assessment (Dvir et al. 1988; Marks 1994; Macdonald et al. 1996; 
Tsang and Hui-Chan 2003; Tsang and Hui-Chan 2004; Xu et al. 2004). In addition 
the TEA, readily identifiable (Churchill et al. 1998; Most et al. 2004) can be found in 
all knees (Yoshiho et al. 2001) and has been found to be highly repeatable (Beger et 
al. 1993; Nagamine et al. 1998; Suter et al. 2006). Given these reasons, the TEA 
was used as the flexion-extension axis of the knee joint in the present study. 
 
The following section examines the clinical features that may be associated with 
HMS. 
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2.5 Clinical Features 
In section 2.3 it was concluded that HMS affected a considerable proportion of 
healthy children and those with rheumatological conditions. It is believed that many 
children show evidence of GJL, but only a small percentage may present with 
musculoskeletal complaints (Beighton et al. 1989; Grahame 2000a; Engelbert et al. 
2005). These complaints may occur at any age and their severity will vary from child 
to child (Beighton et al. 1989). The most prominent features found in individuals with 
HMS are neuromusculoskeletal signs such as pain (Everman and Robin 1998) and 
muscle weakness (Adib et al. 2005). 
 
Non-articular symptoms have also been found in individuals with HMS (El-Shahaly 
and El-Sherif 1991). For example, Grahame et al. (1981) reported an increased 
incidence of mitral valve prolapse in patients with HMS. Varicose veins (El-Shahaly 
et al. 1991) have also been found in individuals with HMS. In addition, rectal 
(Marhman et al. 1987) and uterine (Al-Rawi et al. 1982) prolapses were found in 
association with HMS. Bulbena et al. (1993) established a significant association 
between GJL and anxiety states including panic attacks and phobic states. Children 
with HMS are believed to be generally unfit and have very poor stamina (Maillard 
and Murray 2003). From the foregoing, it is clear that HMS causes problems to 
children at three levels: impairment, activity limitation and participation restriction 
(WHO 2001). In order to select the appropriate outcomes that reflect these three 
levels, the International Classification of Functioning, Disability and Health (ICF) 
model was used. 
2.5.1 The International Classification of Functioning, Disability and 
Health (ICF) 
The primary goal of physiotherapy treatment of patients with musculoskeletal 
disorders is to restore optimal functioning (Jette 1993). It is believed that optimal 
functioning of an individual includes all body functions, activities and participation 
(WHO 2001). Physiotherapy assessment and treatment of children with HMS are 
mostly based on impairments such as ROM or pain. Researchers have suggested 
that activity limitations and participation restrictions may also be found in children 
with this condition (Gurley-Green 2001; Murray and Woo 2001). However, 
neuromusculoskeletal impairments and the extent to which they contribute to activity 
limitations and participation restrictions have not been well reported in children with 
HMS. In order to identify and evaluate the consequences of health problems on 
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functional activities and participation, the World Health Organisation developed the 
ICF (Kjeken et al. 2005).  
 
The ICF (Figure 2.2) is made up of three main domains, body structure/function, 
activity and participation (Harris et al. 2005) called the positive aspects. Problems 
areas within the domains are called impairments, activity limitations and participation 
restrictions which are referred to as the negative elements. These domains can be 
affected by environmental and personal factors also known as contextual factors 
(Stucki and Ewert 2005). The ICF framework can be used to classify the impact of 
health (Harris et al. 2005) and select appropriate outcome measures by 
physiotherapists (Mayston 2007). Studies have linked outcome measures to the ICF 
domains to better reflect all aspects of health outcomes in patients with 
musculoskeletal conditions (Harris et al. 2005).  
 
                                                             Health condition 
                                                                   (HMS) 
 
 
 
                      Body functions                   Activity                     Participation 
and structures                       
 
Impairments                     Activity                     Participation 
                                        limitations                 restrictions 
           
 
 
 
                                                      
 
                               Environmental factors              Personal factors                           
 
Figure 2.2: The World Health Organisation ICF (Adapted form Stucki and Cieza 
2004; Stucki and Ewert 2005; Mayston 2007). The ICF provides a useful tool to 
examine impairments, activity and participation of the child with musculoskeletal 
condition and serves as a useful framework for intervention. The upper half of the 
figure indicates the positive elements (e.g function) and the lower half shows the 
negative (e.g participation restrictions). 
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The specific elements of the framework are defined as follows: 
 
Impairments: Deficits in physiological or anatomical structures in relation to a 
disease condition. Examples are pain, muscle weakness, reduced proprioception 
and ROM (Harris et al. 2005) 
 
Activity limitations: These are difficulties an individual has in performing a task or 
action. An example is difficulty in walking (Stucki and Ewert 2005; Kjeken et al. 
2005). 
 
Participation restrictions: The problems that an individual may experience in 
engaging in life situations such as roles and activities (Harris et al. 2005). These 
may be reflected in QoL assessment. 
 
Personal factors: These are contextual factors that relate to the individual such as 
age, gender, social status and life experience (Stucki and Ewert 2005). 
 
Environmental factors: External or extrinsic factors of an individual person’s life 
which impact on her/his functioning such as attitude and values, social systems and 
services, policies and laws (Stucki and Ewert 2005). 
 
In the present study outcomes were selected based on the dimensions of ICF model 
(Kjeken et al. 2005; Mayston 2007). The following measures were chosen to reflect 
the impairment variables: pain (Kjeken et al. 2005), ROM (Harris et al. 2005; Kjeken 
et al. 2005), muscle strength (Kjeken et al. 2005) and proprioception (Hurley et al. 
1997). Activity limitation was measured using functional ROM during walking (Stucki 
and Ewert 2005). Quality of life (QoL) was chosen as a measure of participation 
restriction (Jette 1993; Harris et al. 2005). Therefore, the terms ‘impairments’, 
‘activity limitations’ and ‘participation restrictions’ will be used in the present work to 
classify the features associated with HMS in terms of the ICF.  
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The most commonly investigated symptom associated with HMS in children is pain. 
It is unknown at the moment if other neuromuscular impairments (such as joint 
proprioception and muscle strength) are also found in children with HMS. Therefore 
the focus of the present research was on impairments due to the number of 
measures at this level and because little is known at this basic level. The research 
also focussed on activity limitations (functional ROM) and participation restrictions 
(QoL) in children with HMS. Only the symptoms relating to these factors 
(neuromuscular impairments, activity limitations and participation restrictions) are 
discussed in this thesis. These possible features are summarised in Table 2.4. Due 
to the limited published data on these symptoms of HMS in children and because 
most studies have focussed on adults, studies carried out in adults with this 
condition are also examined in this chapter.  
 
In the next section, neuromusculoskeletal signs of HMS are examined. 
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Table 2.4: Summary of neuromuscular, musculoskeletal, gait abnomality and quality of life features associated with GJL and 
HMS  
Authors Population  Clinical Feature(s) 
Grahame et al. (1981), Grahame 
(2000b) 
- Pars interarticularis defects, 
spondylolisthesis 
Finsterbugsh and Pogrund (1982) - Joint dislocations 
Pitcher and Grahame (1982) Patients with MVP Back pain 
Francis et al. (1987) 11 patients Peripheral neuropathy and HMS 
Rajapakse et al. (1987) Patients with MVP Fractures, joint dislocations 
Jaffe et al. (1988) 729 infants aged 8 to 14 months Delayed motor development 
March et al. (1988) - Carpal tunnel syndrome 
Westling (1989); Perrini et al. (1997) - TMJ dysfuntion 
El-Shahaly and El-Sherif (1991) - Soft tissue rheumatism, carpal and 
tarsal tunnel syndromes 
Bridges et al. (1992) Participants included those with HMS, 
connective tissue disorders and fibromyalgia 
Scoliosis 
Bulbena et al. (1993) - Anxiety disorders 
Diaz et al. (1993)   Studied population made up of male  soldiers Musculotendinous lesion 
Keys: 
MVP = Mitral valve prolapse 
TMJ = Tempromandibular joint 
HMS = Hypermobility syndrome 
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Table 2.4 (Continued): Summary of neuromuscular, musculoskeletal, gait abnormality and quality of life features asssociated 
with Generalised Joint Laxity and HMS 
Authors    Population Clinical Feature(s) 
Davidovitch et al. (1994)  Children with HMS Delayed walking 
Mallik et al. (1994); Hall et al. (1995)  Adults with HMS Impaired proprioception 
Hudson et al. (1995); Grahame 
(2000b) 
- Epidcondylitis 
Al-Rawi and Nessan (1997) - Anterior knee pain 
Bulbena et a (1988); Bulbena et al. 
(1993); Martin-Santos et al. (1998) 
Adults with GJL. Panic attacks 
El-Garf et al. (1998) - Pes planus 
Gazit et al. (2003) Adults with HMS Autonomic reflex dysfunction 
Engelbert et al. (2004) - Toe-walking 
Engelbert et al. (2004) children with HMS Exercise induced pain 
Adib et al. (2005) Children with HMS Abnormal walking pattern 
Ferrell et al. (2007) Adults with HMS Muscle weakness 
Sahin et al. (2007) Adults with HMS Musculoskeletal reflex dysfunctions 
 
Keys: 
GJL = Generalised joint laxity; HMS = Hypermobility syndrome 
MVP = Mitral valve prolapse; TMJ = Tempromandibular joint 
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2.5.2 Neuromusculoskeletal Signs of HMS 
There are many neuromusculoskeletal signs that may be associated with GJL and 
HMS as detailed in Table 2.4. Pain is the most common sign reported in children 
with HMS (Biro et al. 1983; Everman and Robin 1998). Pain may be localised in one 
joint or it may be generalised and symmetrical. Lewkonia and Ansell (1983) reported 
that large and medium sized joints were more frequently affected than small joints. 
According to Grahame (1990), joint complaints in children with HMS are self-limited 
in duration. They may recur with strenuous physical activities (Gedalia and Brewer 
1993; Everman and Robin 1998) and tend to occur later in the day following 
strenuous physical activities (Beighton et al. 1989; Grahame 1990; Everman and 
Robin 1998). In contrast to arthritic conditions, morning stiffness is an uncommon 
finding in these children (Everman and Robin 1998). Physical examination may also 
reveal pain upon joint movement, which may be accompanied with mild degrees of 
effusion in the absence of signs of active inflammation such as significant 
tenderness, swelling, redness, warmth, and fever (Everman and Robin 1998). The 
neuromusculoskeletal signs previously reported in individuals (adults and children) 
with HMS are discussed below. 
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Table 2.5: Studies reporting knee joint problems in individuals diagnosed with HMS  
Authors Diagnostic criteria and 
cut off point used 
Sample size and age Joint (s) 
affected most 
Population 
Finsterbush and 
Pogrund (1982) 
Carter & Wilkinson. Cut off 
point not reported 
100 patients: 51 females and 14 
males 
       Knee Age of participants not reported 
Lewkonia and 
Ansell (1983) 
Carter & Wilkinson. Cut off 
point not reported 
54 children: 42 girls and 12 
boys; Age range = 2 – 16 
years. 
    Knee  
- 
Hudson et al. 
(1995) 
Beighton. >4/5  46 adults: Mean age 45.5; 
Age range = 16 – 72 years 
Spine (thoracic 
and low back) 
Study participants included adults 
with HMS 
Kerr et al. (2000) Beighton. Cut off point not 
reported 
39 children: Age range = 2 – 14 
years 
Knee and ankle A retrospective study, Knee alone 
accounted for 26% of symptomatic 
joints. 
Vougiouka et al. 
(2000) 
*Beighton. >3/5 189 children: Age range = 5 – 14 
years 
Knee Parents completed questionnaire 
regarding their children’s 
musculoskeletal complaints 
Adib et al. (2005) Beighton. Cut off point not 
reported 
125 children aged < 18 years Knee Data collected both prospectively 
and retrospectively  
 
Key: 
*measured only the right limbs and lumbar flexion.  
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2.5.2.1 Pain 
Pain is believed to be a common reason for referring children with HMS for 
examination and treatment in paediatric practice (Lewkonia nad Ansell 1993; De 
Inocencio 2004). Due to limited information on pain experience in children with 
HMS, studies in adults with HMS are also included in the literature review in this 
section to attempt to determine relevant information. 
 
Laxity of the knee joint is considered as a possible predisposing factor to the 
development of anterior knee pain (Al-Rawi and Nessan 1997). Pain often develops 
after strenuous physical activities or sports, during which the affected joint(s) is/are, 
used repeatedly (Everman and Robin 1998). In a study by Biro et al. (1983) 262 
children diagnosed with HMS and referred to a paediatric arthritis clinic (over a 
period of 2½ years) were studied. Pain and/or swelling of various joints were found 
to be the usual complaints. Pain was found to occur more frequently between the 
ages of 10-15 years. The most common sites of complaints were the knees and the 
fingers. Similarly, joint pain was found in 74% of 125 children diagnosed with HMS 
aged <18 years (Adib et al. 2005). They also observed that the knee joint accounted 
for 66% of the complaints in these patients. The distribution of pain in individuals 
with HMS is illustrated in Table 2.5. 
 
Russek (2000) observed that recurrent multiple-joint pain (involving the feet, ankles, 
hips, shoulders, wrists and fingers) was associated with HMS in a 28-year-old 
woman. The patient’s pain experience, examined with a visual analogue scale, was 
reported to have been felt at end range movements of the joints. The observation by 
Russek cannot be generalised as only one patient was investigated in that study. 
 
On the other hand, a lack of association between GJL and musculoskeletal 
complaints has been reported (Mikkelsson et al. 1996). These authors examined 
1637 primary school children (mean age 10.9 + 1.1 years) using a pre-tested 
structured questionnaire to assess musculoskeletal symptoms. GJL was determined 
using a Beighton score of > 6 and children were asked to complete the 
questionnaire. The occurrence of musculoskeletal pain was found to be about the 
same in children with GJL (29.9%) and those without GJL (32.3%). It is unknown 
whether some children examined had HMS or not as the inclusion and exclusion 
criteria in that study were not clearly stated, therefore it can be argued that the 
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findings reported by Milkkelsson et al. may be because healthy school children with 
GJL were examined and not those with HMS. 
 
At the moment, there is limited published data on pain experience in children with 
HMS. It also appears that there is conflicting evidence regarding pain experience in 
children with this condition. In order to investigate pain intensity in children with 
HMS, future studies are required. Therefore, this provided justification for the 
assessment of pain experience in children diagnosed with HMS in the current study. 
2.5.2.2 Joint Proprioception 
Proprioception, as defined by Voight et al. (1996, p. 348) “is the cumulative neural 
input to the central nervous system from specialised nerve endings called 
mechanoreceptors”. These mechanoreceptors are found in the joint capsules, 
ligaments, muscles, tendons and skin (Voight et al. 1996; Hurley et al. 1998). 
Proprioception requires processing of sensory information from these peripheral 
mechanoreceptors, vision and vestibular system (Hurley et al. 1998). Joint 
kinaesthesia (JK) and joint position sense (JPS) are components of proprioception. 
Garn and Newton (1988) described JK as the conscious awareness of joint position 
and movement, resulting from proprioceptive input to the central nervous system. 
JPS defined by Corrigan et al. (1992, p. 247), is the “awareness of a joint in space.” 
Proprioception is important for normal function in activities of daily living, 
occupational tasks and sports (Skinner et al. 1986; Borsa et al. 1994). 
 
Following an extensive literature search only three studies (Mallik et al. 1994; Hall et 
al. 1995; Ferrell et al. 2004) were found that have investigated joint proprioception in 
adults with HMS. However, no study was found by the author of this thesis on joint 
proprioception in children with HMS. Since GJL (in the absence of any rheumatic 
disease) is a feature of HMS, the studies found on proprioception in adults with both 
HMS and those with GJL are examined in this section.  
 
Mallik et al. (1994) studied 12 women with HMS (mean age 29 years) and 12 
healthy (women mean age 29 years). HMS was defined by the presence of a 
Beighton score of > 4/9 and musculoskeletal pain. These authors discovered 
impairment in proprioception acuity at the proximal interphalangeal joint of the HMS 
patients compared with the controls (p = 0.0001). The findings of Mallik et al. (1994) 
provide preliminary data on joint proprioception in patients with HMS, however, the 
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knee joint (believed to be most commonly affected by the symptoms of HMS) was 
not examined in their study.  
 
In another study by Hall et al. (1995), 10 women with HMS (mean age 30.3 years) 
were examined for knee JK. The control group were made up of male (mean age 
29.7 years) and female (mean age 30.0 years) subjects. They reported that knee JK 
was significantly (p < 0.001) poorer in women with HMS compared with the age and 
gender matched controls. Although the knee joint was examined by Hall et al. 
(1995), however, only JK (a component of joint proprioception) was investigated 
hence their finding may not represent the overall proprioceptive acuity in patients 
with HMS. In addition, adults with HMS were examined and study therefore their 
observation cannot be extrapolated to children.  
 
Barrack et al. (1983a) investigated passive JPS of the knee joint in a study of 12 
ballet dancers (men and women; mean age 25 years) with GJL and a group of 12 
active healthy controls (men and women; mean age 24 years). They found a 
significant impairment (p < 0.03) in knee JPS in the ballet dancers compared with 
matched controls. Similarly, Blasier et al. (1994) demonstrated significantly impaired 
knee JK in healthy men and women with knee joint laxity. 34 subjects (mean age + 
SD = 19.6 + 1.5 years) participated in the study. Rozzi et al. (1999) also reported a 
significantly less sensitive JK of the shoulder in 29 subjects with GJL (age range 20 
to 42 years). Additionally, diminished knee JPS at end-range extension in 24 women 
(mean age 24 + 3 years) with standing genu recurvatum was also reported by 
Loudon (2000). In the above-mentioned studies (Barrack et al. 1983a; Blasier et al. 
1994; Rozzi et al. 1999; Ludon 2000) healthy adults with joint laxity were examined. 
Therefore, their findings cannot be extended to children diagnosed with HMS.      
 
Stillman et al. (2002) investigated knee joint laxity and JPS in 44 healthy young men 
and women. All study participants had a history of active participation in regular 
sports spanning more than 5 years. Subjects’ test limbs were passively moved to 
the test angle following which they were asked to actively reproduce the angle. 
Better proprioceptive acuity was observed in subjects with greater knee joint mobility 
compared to those with less knee joint mobility (p = 0.03). It is believed that exercise 
training enhances joint proprioception (Petrella et al. 1997). It was not stated in 
Stillman et al.’s study whether individuals with greater joint mobility engaged in 
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physical activity more than those with less knee mobility. Therefore, the observed 
findings may be due to the level of physical activity of the participants.  
 
The possible relationships between joint laxity and impaired proprioception are 
illustrated in Figure 2.3. Mallik et al. (1994) proposed two possible mechanisms that 
may be responsible for impaired joint proprioception in individuals with HMS. Firstly 
damage to joint receptors due to joint laxity and secondly, generalised deficit in 
proprioceptor activation associated with ligamentous laxity. These may account for a 
decrease in joint afferent firing in subjects with HMS and those with GJL.  
 
                                               Reduced  
                                                    motor  
                                                    control 
 
 
                                     Reduced  
                                                  arthrokinetic 
                                                  reflex defence   
 
 
                                                      Reduced 
                                                      proprioceptive  
                                                      sense           
 
          
 Pain and inflammation                   
 
Figure 2.3: Possible links between joint laxity and abnormal proprioception 
(adapted from Stillman et al. 2002). Damage to proprioceptors (in the lax 
ligaments and capsule) causes reduced motor control and predisposes to further 
joint injury which eventually leads to impaired joint proprioception. 
 
Available evidence shows that joint proprioception may be impaired in adults with 
HMS. Previous studies have also demonstrated that joint proprioception is impaired 
in adults with GJL. However, to date no study has investigated this issue in children. 
Given the findings on joint proprioception in adults with HMS and GJL it is important 
to determine whether joint proprioception is also impaired in children with HMS. 
Therefore, the present study was aimed at investigating this issue to find out if the 
findings of Mallik et al. (1994) and Hall et al. (1995) can be extended to children with 
HMS. 
Lax capsule and
ligaments
Impaired 
proprioceptive 
function 
Propensity to 
injury and
degeneration  
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2.5.2.3 Muscle Strength 
Muscle strength is defined as the force exerted by a muscle or group of muscles to 
overcome a resistance in one maximal effort (Trew and Everett 2001). Muscle helps 
to give stability to a joint; it controls joint movement and prevents excessive 
movement (Maillard and Murray 2003). Muscle strength also contributes to the 
performance of ADL (Hurley et al. 1998; Hughes et al. 1999). 
 
Normal human movement requires sophisticated motor control, adequate muscle 
strength, smooth pain-free range of motion and strong skeletal support (Amundsen 
1990). Muscle strength may be affected by many factors such as pathologies 
involving upper motor neurons, peripheral nerves, neuromuscular junctions, 
muscles, and tendons (Amundsen 1990; Norkin and White 2001). Pain, fatigue, and 
disuse atrophy can also cause muscle strength deficit (Amundsen 1990; Norkin and 
White 2001). Muscle strength measurements can be used in clinical practice to 
identify anomalies, set treatment goals and evaluate the effect of intervention 
(Vermeulen et al. 2005). It is believed that muscle weakness may be a sign of HMS 
(Middleditch 2003). There is limited information on muscle strength deficit in children 
with HMS as only three studies have investigated this issue (Engelbert et al. 2003; 
2004 and 2006). Therefore, the available literature on muscle strength in both 
children and adults with HMS are examined in this section. 
 
In a study by Engelbert et al. (2003), 15 children (boys and girls, mean age 8.1 
years) with HMS, 16 children with non-symptomatic GJL (mean age 8.9 years) and 
79 healthy controls (mean age 9.3 year) were investigated for muscle strength. HMS 
was defined by the presence of GJL and associated musculoskeletal symptoms 
such as arthralgia in more than two joints for a period exceeding 12 weeks; 
exercise-induced pain and intolerance, without the presence of signs of any 
rheumatic, neurological, skeletal, or metabolic disease (Brighton criteria). Total 
muscle strength, of shoulder abductors, grip strength, hip flexors and ankle 
dorsiflexors was measured in that study using a hand-held myometer. Total muscle 
strength was calculated as the summation of the measurements. 
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No significant difference was found in the mean total muscle strength (N) reported 
between the children with HMS and healthy controls. Additionally, no significant 
difference was observed between children with HMS and those with GJL. However, 
the mean total muscle strength in Newtons (N) was significantly higher in children 
with GJL than the healthy controls. The strength of the hamstrings and quadriceps 
muscles that act on the knee joint (Moore and Dalley 1999) (most commonly 
affected by the symptoms of HMS Table 2.5) was not examined by Engelbert et al. 
(2003).  
 
It has also been reported that muscle strength may be affected by many factors 
such as the moment arm (Smidt and Rogers 1982) and body mass (Keating and 
Matyas 1996). The moment arm is the perpendicular distance from the line of 
application of the musculotendinous unit to the axis of rotation for the joint on which 
the muscles act (Smidt and Rogers 1982). The greater the moment arm, the greater 
will be the recorded strength of a muscle. Heavier subjects are likely to have 
artificially higher muscle strength due to the mass of their body segment (Keating 
and Matyas 1992). These factors were not considered by Engelbert et al. (2003).  
 
Engelbert et al. (2004) found a greater but not statistically significant difference in 
total muscle strength measured in Newton meters (Nm) in healthy children (mean 
age 12.8 years) than those with HMS (mean age 11.6 years). These authors 
examined bilateral total muscle strength of shoulder abductors, hip flexors, ankle 
dorsiflexors and grip strength using a hand-held myometer. Total muscle strength 
was calculated as the summation of measurements of shoulder abductors, grip 
strength, and hip flexors. Their findings may be the result of the protocol used as 
total muscle strength of five muscle groups was assessed.  
 
Engelbert et al. (2006) also failed to observe a significant difference in muscle 
strength between healthy children and those with HMS. In their study, the total 
muscle strength of 282 healthy children and 13 children with HMS was examined by 
8 examiners using a hand-held myometer. They acknowledged that the inter-rater 
repeatability of their measurements was high. However, no reference was made to 
possible variation in verbal encouragement in their study. It has been shown that 
verbal encouragement significantly increased muscle torque (McNair et al. 1996); 
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therefore the lack of significant difference observed in their study may be due to this 
factor.  
 
The above three studies (Engelbert et al. 2003; 2004 and 2006) have the advantage 
of being the only investigations found that have examined muscle strength in 
children with HMS. However, these studies have some limitations. The methods in 
these studies were not sufficiently detailed to enable precise replication. In addition, 
the knee, which is the most affected joint by symptoms of HMS (Biro et al. 1983; 
Everman and Robin 1998; Kerr et al. 2000; Adib et al. 2005), was not examined in 
those studies. Therefore, it is possible that some of the joints examined were 
asymptomatic. Moreover, no information was given as to whether children with HMS 
were undergoing treatment for their condition or not. Giving all these limitations, their 
findings should be interpreted with caution. 
 
In a study by Sahin et al. (2007) knee extension and flexion muscle strength was 
examined in 40 adults with HMS (mean age + SD = 27.9 + 8.1 years) and 45 
healthy controls (mean age + SD = 26.7 + 9.2 year). HMS was diagnosed using the 
Brighton criteria and muscle strength (of both right and left knee) was examined 
using an isokinetic dynamometer at three different angular velocities (60, 180 and 
2400/s). Statistically significant reduced peak knee extensor muscle strength (p 
range = 0.005 to 0.045) was observed in the HMS group at the three angular 
velocities for both limbs. However, only left knee flexion was statistically significant 
and this was at 600/s while others were not.  The reason for the differing results 
between knee extension and flexion peak muscle strength is not apparent, however, 
since adults with HMS were examined the findings may not be applicable to children 
with HMS. 
 
In a case report, Russek (2000) examined muscle strength using manual muscle 
testing in a 28-year-old woman diagnosed with HMS. This author reported that the 
patient’s muscles were within normal limits and pain-free throughout the upper and 
lower extremities. Again only one patient was examined in that study therefore, its 
findings cannot be generalised.   
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Ferrell et al. (2004) found a significant improvement in both peak and average 
strength for both quadriceps and hamstrings (p range = 0.0002 to 0.038) in 18 adult 
patients with HMS (mean age + SD = 27.3 + 10.4 years) following a standardised 8-
week home-based closed kinetic exercise programme. It is difficulty to draw a 
definite conclusion on whether the muscles assessed were weaker than in normal 
as no parallel control group was investigated.  
 
In another study by Ferrell et al. (2007), complete absence of musculoskeletal reflex 
activity of rectus femoris motoneurones was observed in 7 out of 15 adult patients 
with HMS. They investigated reflex dysfunction in 15 patients with HMS and 11 
aged-matched controls. These researchers also found that short latency reflexes 
were detectable in 100% of the controls, but were completely absent in 47% of the 
HMS patients (p < 0.01). Kirk et al. (1967) and Beighton et al. (1973) observed that 
most of their HMS patients (children and adults) had poor muscle development. 
Muscle wasting and weakness have also been found in children with HMS (Adib et 
al. 2005). It is also believed that decreased muscle bulk may be a feature of HMS as 
they frequently have a lower muscle tone (Keer and Grahame 2003).  
 
The observations by Kirk et al. (1967); Beighton et al. (1973) and Keer and 
Grahame (2003) have not been thoroughly investigated. Although there is no direct 
evidence to suggest that there is a decrease in muscle mass in HMS, it has been 
postulated that muscle strength deficit may be related to decreased muscle mass 
(Frontera et al. 1991). A direct significant correlation has also been observed 
between muscle bulk (cross-sectional area) and muscle strength in children 
(Kenehisa et al. 1994; 2002). Therefore, combining the postulation of Frontera et al. 
(1991), the findings of Kenehisa et al. (1994; 2002), the above observations, and 
findings of Adib et al. (2005), Ferrell et al. (2007) and Sahin et al. (2007), it can be 
hypothesised that muscle strength deficits may be found in children with HMS 
compared with controls. A cross-sectional study is needed in children with this 
condition to confirm whether muscle strength deficit is associated with HMS in 
children. Thus, muscle strength measurement was also carried out in the present 
study.  
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2.5.2.4 Range of Movement (ROM) 
Range of movement (ROM) is commonly examined in children with HMS using the 
Beighton criteria (Table 3.1). While Beighton criteria are easy to use (Klemp 1984) 
and they provide a quick indication of GJL (Bird 2005), they are not joint specific and 
therefore do not give indication of the extent of ROM at specific joints in children 
with this condition. This limitation makes it difficult for the criteria to be used for 
monitoring change in ROM in children with HMS. ROM has been quantified in 
children using universal goniometers (Fairbank et al. 1984; El-Garf et al. 1998) and 
a fixed torque device (Silman et al. 1987). Only researchers such as Engelbert et al. 
(2003); Engelbert et al. (2004) and Engelbert et al. (2006) have compared ROM 
measurements in children with HMS to healthy controls. Although the studies by 
Engelbert et al. have been discussed previously in this section in relation to muscle 
strength, these studies will be examined again in respect of ROM. El-Garf et al. 
(1998) examined elbow and knee joints in healthy school children with a universal 
goniometer to determine the amount of ROM. However, the specific values of elbow 
and knee ROM were not reported. Therefore, it is difficult to draw any conclusion 
from their findings. 
 
Engelbert et al. (2003) found that the ‘total passive ROM’ at certain joints (shoulder, 
elbow, wrist, hip, knee and ankle) was significantly higher (95% CI = 154.10, 208.90) 
in 15 boys and girls with HMS (mean age + SD = 8.1 + 0.6 years) than 95 healthy 
children (mean age + SD = 9.2 + 0.1). A significantly higher (p < 0.05) total active 
ROM at these joints was also observed in 13 children with HMS (mean age+ SD = 
10.7 + 2.7) compared with 382 healthy controls (mean age + SD = 14.5 + 4.0) 
(Engelbert et al. 2006). In the studies by Engelbert et al. ‘total ROM’ measured with 
a universal goniometer was calculated as the summation of all measurements, 
including that of the knee joint, therefore their findings are not specific to the knee 
joint.  
 
Engelbert et al. (2004) investigated active knee flexion and extension in 19 boys and 
girls (aged 11.6 + 2.7 years) with HMS and 274 healthy controls (aged 12.8 + 3.3 
years). They found that children with HMS had significantly reduced knee flexion 
ROM and higher knee extension ROM (both p < 0.001) compared with healthy 
controls. Given that joint laxity is a feature of HMS one would expect both knee 
flexion and extension ROM to be significantly higher in children with HMS than their 
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healthy counterparts. Their findings may be due to the protocol used for assessing 
knee ROM (active ROM). Active compared with passive ROM may be limited by 
knee pain as knee joint pain has been reported in children with HMS (Kerr et al. 
2000; Vougiouka et al. 2000). Reduced knee flexion reported by Engelbert et al. 
(2004) may actually indicate the presence of knee pain in the children with HMS.  
 
At the moment, there are only three studies that have been found (Engelbert et al. 
2003; 2004; 2006) by the present author that have investigated ROM in children with 
HMS. Sample size and different experimental protocols limit the generalisability of 
these studies to other children with HMS. Therefore, a cross-sectional study with a 
larger sample size is required to identify the extent of knee ROM in children with 
HMS and their healthy counterparts.  
2.5.2.5 Other Musculoskeletal Features      
There are many other musculoskeletal problems that may be found in patients with 
HMS, although their occurrence may not be as frequent as those previously 
discussed (section 2.4.2.1 to 2.4.2.4). Grahame et al. (1981) reported that spinal X-
rays of HMS patients revealed that 14 (58.3%) out of 24 compared with 3 (23%) out 
of 13 controls had spinal abnormalities such as scoliosis, transitional vertebrae at 
the lumbosacral junction, and pars interarticularis defects with or without 
spondylolisthesis. Similarly, Bridges et al. (1992) observed that 35% of HMS 
patients had a scoliosis. 
 
A strong correlation between craniomandibular disorder (CMD) and GJL was 
observed by Westling (1989) when 74 patients (mean age 23.9 years) with CMD 
and 73 controls (mean age 24.8 years) were investigated. The prevalence of 
symptoms and signs of internal derangement in the temporomandibular joint (TMJ) 
were found to be higher in adolescents with GJL (Westling and Mattiasson 1992). 
These researchers examined 96 girls and 97 boys (all aged 17 years) for TMJ 
derangement and associated GJL. The findings of Westling (1989) and Westling 
and Mattiasson (1992) suggest that individuals with GJL may be seen with CMD and 
TMJ disorders. 
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Francis et al. (1987) demonstrated an association between HMS and peripheral 
neuropathy. All 11 HMS patients studied were found with tarsal tunnel syndrome 
(nerve disease due to compression of the posterior tibial nerve in the ankle and 
foot). Similarly, carpal tunnel syndrome (nerve disease due to compression of the 
median nerve) and sciatica have been demonstrated in patients with HMS (March et 
al. 1988; Beighton et al. 1989). 
 
It is believed that lax joints are likely to be less stable and are generally more 
susceptible to subluxation or dislocation (Grahame 1981). Individuals with HMS may 
be predisposed to musculoligamentous lesions (Bulbena et al. 1992; Diaz et al. 
1993). An association between GJL and musculoligamentous lesions has been 
demonstrated (Diaz et al. 1993). A higher frequency of joint dislocation, shoulder 
capsulitis and muscle tears in HMS subjects have been reported by Grahame et al. 
(1981). Additionally, Grahame et al. (1981) found a history of previous fracture in 
52% of HMS patients compared with only 15% in the controls (p<0.05). They also 
found a significant increase in the incidence of ligament injuries in patients with HMS 
compared with the controls (p<0.05).  
 
Bulbena et al. (1992) investigated 114 HMS patients (mean age 41.8 years) and 59 
controls (mean age 48.1 years) and found that 7.1% of the HMS patients were 
reported to have had luxations and subluxations. No subjects among the controls 
were found with any of these features. The possible association between 
ligamentous laxity and musculoskeletal lesion injury in individuals with HMS is 
shown in Figure 2.4. 
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Figure 2.4: The knee injury cycle (Adapted from Barrack and Munn 2000): 
Reduced feedback from mechanoreceptors due to joint laxity may lead to joint 
injury.  
 
Muscle/ligament/tendon sprains or strains of the lower limbs have been reported to 
be the most common injuries sustained by ballet dancers with GJL (Klemp et al. 
1984). They observed that 33.3% of ballet dancers with GJL and 25% of the controls 
had sustained injuries while dancing, although this difference was not statistically 
significant. On the other hand, when the actual number of injuries sustained by each 
group was compared, the difference was statistically significant (p < 0.05). In 
another study of HMS patients by Mishra et al. (1996), 10% were found with a 
history of soft tissue lesions such as ligament injuries.  
 
In summary, joint laxity may predispose to spinal instability and the development of 
scoliosis in individuals with HMS. It also seems that TMJ dysfunction may coexist 
with GJL in adolescents with HMS. In addition, peripheral nerve compression 
appears to be a feature of HMS and subluxation and ligamentous injuries may also 
be features. Because the present study focused on the most commonly reported 
musculoskeletal symptoms in children with HMS, future research on HMS may be 
directed towards investigating these less common musculoskeletal features. 
 
The following section discusses gait abnormalities that may be found in individuals 
with HMS. 
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2.5.3 Gait Patterns  
It has been suggested that abnormal joint biomechanics may be a feature of HMS 
(Grahame 1990, Hall et al. 1995) and gait abnormalities have been reported in 
children with HMS (Adib et al. 2005). Children with HMS often present with 
abnormal pronation of the feet at the subtalar joints (a result of joint laxity), which 
can contribute to lower limb symptoms (Maillard and Murray 2003). It is thought that 
a combination of GJL, reduced joint proprioception, muscle weakness and reduced 
stamina may affect the gait of a child with HMS (Maillard and Murray 2003).  
 
During an in-depth literature search by the author of this thesis, only two studies 
(Engelbert et al. 2004; Adib et al. 2005) were found that have investigated gait 
patterns in children with HMS. Due to the limited information, the possible reasons 
for gait abnormalities in addition to the evidence in children with HMS are discussed 
in this section.   
 
Engelbert et al. (2004) investigated gait patterns in 19 children (boys and girls; mean 
age 11.6 years) with HMS and found that 14 (74%) with habitual toe-walking. 
Information regarding this was obtained using a parental questionnaire. Although the 
finding of Engelbert et al. (2004) provides useful preliminary information on possible 
gait abnormality in children with HMS, their results could have been compared with 
healthy children to determine group differences. In addition, information recorded by 
parents of the participating children with HMS may not be accurate. Adib et al. 
(2005) reported abnormal gait patterns of children with HMS (aged < 18 years). In 
that study data was collected both retrospectively and prospectively on children with 
HMS. The findings may not accurately reflect children with HMS as important details 
might not have been documented on children whose data was recorded 
retropectively. Additionally, they failed to specify the abnormalities in children with 
HMS and how they were examined for these. Therefore, it is unknown whether there 
is abnormal knee joint movement during walking or not.  
 
Ligamentous laxity is considered to be the most common aetiological factor for 
flexible flatfoot in children (Thomson and Volpe 1993). Troott (1982) believed that 
laxity in the calcaneonavicular or ‘spring’ ligament may result in flatfoot deformity. El-
Garf et al. (1998) found that 35.4% of Egyptian children (mean age 11.1 years) with 
GJL were found with flat feet. In another study by Bridges et al. (1992), 130 
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consecutive patients (age 18 years and over) referred to a rheumatology clinic were 
evaluated for musculoskeletal problems. It was discovered that 85% of 20 patients 
diagnosed with HMS had flat feet.  
 
An abnormal propulsive pronation with marked Helbig’s sign (bowing of the tendo 
Achilles) was observed in a 29-year old male patient with HMS by Grahame (2003). 
In addition, Grahame (2003) stated that during gait the foot of an individual with 
HMS may function around an abnormally pronated position, or may move in the 
direction of pronation at the time it should be supinating. It has been suggested that 
pronation of the foot may influence the kinematic pattern of the lower limb, 
particularly at the knee joint as the tibia internally rotates when the foot pronates 
during early stance (Perry 1992). Rotation of the tibia is in response to the medial 
rotation of the talus as it falls into the space created by the inferior and lateral 
movement of the calcaneus (Perry 1983). Therefore, from a clinical perspective, it 
can be assumed that increased foot pronation results in excessive internal rotation 
of the tibia and femur, which, in turn, increases the rotatory stresses at the hip and 
the knee joints (Tiberio 1987).    
 
Since flat feet may be a feature of HMS, it seems likely that there may be abnormal 
foot pronation during walking in children with this condition. In addition, it appears 
that foot deformity (pes planus) may lead to abnormal gait biomechanics of lower 
limb joints (including the knee) in children with HMS.  
 
The function of the quadriceps is to support and extend a flexed knee during walking 
(Perry 1992). It has also been suggested that rapid motion of the knee joint with 
intrinsic joint pathology may be limited such as articular surface damage, increases 
tissue tension and pain (Perry 1992). Knee joint pain may lead to limited knee 
flexion during the gait cycle (loading response, pre-swing and initial swing) as knee 
flexion is avoided during walking to escape the shear force that accompanies joint 
motion and to reduce the compressive force from a contracting quadriceps (Perry 
1992). This may prevent the knee from being moved rapidly during walking and may 
result in inadequate arc of flexion during walking.  
 
 
 
 43 
 
Putting the above observations (Engelbert et al. 2004; Adib et al. 2005) and 
assumptions together, it can be speculated that there may be abnormal joint 
kinematics during walking in children with HMS. Therefore, the gait kinematics of 
children diagnosed with HMS was therefore examined in this study to identify any 
deviation from normality. 
 
The next section examines issues relating to quality of life (QoL) in children with 
HMS.  
2.5.4 Quality of Life (QoL) 
Quality of life (QoL) is the perception of a person’s position in life in the context of 
the culture and value systems in which they live and in relation to their goals, 
expectations, standards and concerns (WHO 1995). The definition and 
measurement of QoL has been a subject of debate (Eiser and Morse 2001). 
According to these authors, there are many ideas that have defined the concept of 
QoL. First, it believed that individuals have their own unique perspective on QoL, 
which depends on present lifestyle, past experience, hopes for the future, dreams 
and ambition. Secondly, when QoL is used in medical context it is generally 
conceptualised as a multidimensional construct consisting of several domains. 
Thirdly, QoL can include both objective and subjective perspectives in each domain. 
Objective assessment of QoL focuses on what the individual can do, and is 
important in defining the degree of health. The subjective assessment of QoL 
includes the meaning to the individual and it involves the translation or appraisal of 
the more objective measurement of health status into experience of QoL. In patients 
there may be differences in appraisal which could account for the fact that 
individuals with the same objective health status can report very different subjective 
QoL.  
 
Studies have shown that physical, psychological and social functioning may be 
affected in children with rheumatic conditions (Baildam et al. 1995; Sawyer et al. 
2004; Selvaag et al. 2003; Muller-Godeffroy et al. 2005) characterised by pain. The 
use of QoL as a treatment outcome measure in children with rheumatic diseases 
has been increasingly recognised (Epps et al. 2005; Powell et al. 2005). It has been 
suggested that activities of daily living and physical and sporting activities may be 
limited in children with HMS due to pain (Gurley-Green 2001; Murray and Woo 
2001). No studies were found by the author of this thesis investigating QoL in 
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children with HMS. Therefore, it is unknown whether QoL is also affected in children 
with HMS compared with their healthy counterparts.  
 
Since no data on QoL was found in children with HMS, studies that have 
investigated issues relating to physical, psychological and social functioning, 
believed to be components of QoL (Jette 1993) are examined in this section. It 
should however be noted that some of the studies (Arroyo et al. 1988; Mikkelsson et 
al. 1996; Adib et al. 2005) reviewed in this section were also discussed earlier in this 
chapter (section 2.3.2 and 2.4.1).   
 
It has been suggested that the onset of musculoskeletal symptoms of HMS in 
adolescents may be frightening and may cause them additional distress 
(Midddleditch 2003). Grahame (2000a) also believed that anxiety and depression 
are commonly expressed by patients with HMS. Moreover, individuals with HMS 
may avoid movement or activity that becomes painful (Middleditch 2003). Anxiety 
and panic disorders in individuals with HMS has been attributed to pain, instability 
and frequent injury (Russek 1999) which may be the result of ligamentous laxity and 
muscle imbalance. Furthermore, children with HMS may be labelled as being 
inattentive in their classroom (Midddleditch 2003).  
 
No difference in the rate of school absence was found in 66 healthy school children 
with GJL and 20 children with HMS by Arroyo et al. (1988).  In another study, 
Mikkelsson et al. (1996) examined the level of physical activity participation and 
disability in healthy school children with GJL and controls. The children’s 
participation level was examined with a questionnaire containing the following 
alternatives: I exercise to breathlessness at least half an hour (1) one to two times a 
week, (2) three to four times a week, (3) five to six times a week, (4) I do not 
exercise. Disability was determined subjectively using the following alternatives: (1) I 
have difficulty falling asleep because of aches and pains; (2) because of pain, I have 
difficulties in sitting during lesson; (3) pain disturbs me if I walk more than 1 km; (4) 
pain disturbs me during physical exercise class; (5) aches and pains disturb my 
hobbies. The disability index (maximum of 5) was calculated from these five types of 
disability.  
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No significant differences (p values not reported) were found in the level of physical 
activity participation and disability indices between the two groups. The protocol of 
Mikkelsson et al. (1996) was not described in detail and the instruction on how 
children completed the questionnaire regarding their physical activity and disability 
was not clearly stated. In addition, no information was given regarding how the items 
on the questionnaire were scored. Although a good test-retest repeatability (kappa = 
0.9) of their questionnaire was reported, no information was given about its 
predictive validity. All the above factors could have contributed to the findings.  
 
Higher prevalence of anxiety disorders have been found in rheumatological patients 
with GJL (Bulbena et al. 1993). Martin-Santos et al. (1998) also observed an 
association between GJL and patients diagnosed with anxiety disorders (panic 
disorder and or agrophobia). They found that 67.7% of 99 patients with anxiety 
disorders had GJL using Beighton score >5. Bulbena et al. (2004) reported a weak 
but significant association (r range = 0.10 to 0.16; p range =0.0002 to 0.01) between 
GJL and anxiety disorders in individuals receiving medical check-ups. The latest 
three studies (Bulbena et al. 1993; Martin-Santos et al. 1998; Bulbena et al. 2004) 
were conducted in adults with GJL and associated anxiety disorders, therefore their 
findings may not be applicable to children with HMS. 
 
Functional ability and physical and psychosocial well-being of school children with 
GJL and children without GJL was investigated by Ruperto et al. (2004) using the 
child health assessment questionnaire (CHAQ) and child health questionnaire 
(CHQ). These questionnaires were completed by the parents of the participating 
children. They observed that children with GJL were rated similar to their healthy 
counterparts by their parents except for a borderline limitation in role/social subscale 
(p = 0.04) of the CHQ. Their findings might have been influenced by the following 
factors: (1). it is possible that the children’s health status was under-rated by their 
parents as it has been found that parents of children with rheumatology conditions 
rated their children’s QoL lower than the children themselves (Gong et al. 2007); (2). 
the questionnaires they used for evaluating health status in their study did not 
include any question on the ability of these children to perform demanding physical 
activities such as sports (Grahame 2000a) that are likely to affect the symptoms of 
HMS in children; (3). they investigated school children with GJL and not those with 
HMS. Therefore, there findings cannot be extended to those with HMS. 
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A range of functional difficulties have been reported in children with HMS by Adib et 
al. (2005). They investigated 125 children aged <18 years with this condition and 
found that 66% reported problems with dressing, 69% with hand writing, 53% with 
reading, 49% with spelling and 41% with making and keeping friends. Their findings 
suggest that children with HMS may suffer from functional, school and social 
problems, however, due to a lack of parallel control group, it is difficult to draw a 
definite conclusion from that study. In addition, the data of some of the children was 
collected retrospectively therefore, the process of data collection might not have 
been standardised in their study.   
  
To date, no study has examined all the different components of QoL in children with 
HMS. Given that numerous separate observations and assertions have linked GJL 
to anxiety disorders and that poorer QoL has been reported in children with 
rheumatological conditions (Bildam et al. 1995; Sawyer et al. 2004) compared with 
healthy children, it is possible that QoL may also be affected in children with HMS. 
Hence, this provided strong justification for QoL assessment in children diagnosed 
with HMS.  
2.6 Overall Summary 
This chapter has discussed the prevalence of generalised joint laxity (GJL) and 
HMS in children. It has also examined the aetiology and clinical features of HMS. 
The prevalanece of GJL has also been reported to be as high as 64.9% in preschool 
children (Lamari et al. 2005) and HMS was observed in 26% of paediatric 
rheumatological referrals (Kerr et al. 2000). The prevalence of arthralgia was found 
in 55% of healthy school children with GJL and was reported in 74% of children with 
HMS (Adib et al. 2005). The knee joint has been reported to be the most commonly 
affected joint with the symptoms of HMS (Lewkonia and Ansell 1980; Finsterbush 
and Pogrund 1982; Kerr et al. 2000; Vougiouka et al. 2000; Adib et al. 2005). From 
the review of literature in this chapter it is clear that children with HMS may present 
with a range of neuromuscular impairments such as pain, muscle weakness and 
impaired joint proprioception. In addition, they may also be found with activity 
limitations such as abnormal gait patterns and participation restrictions in terms of 
functional difficulties, school problems, and social difficulties.  
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At present, the range of neuromuscular impairments, activity limitations and 
participation restrictions has not been well documented in children with HMS. The 
available published literature has been reported mainly in adult populations and may 
not be transferable to paediatric populations with this condition. Because of these 
reasons, it is difficult to conclude whether these variables are affected in children 
with HMS. To date, the relationships between the symptoms of HMS and their 
implications for function and QoL are unknown. Therefore, this study was designed 
to identify the level of neuromusculoskeletal impairments, functional ROM during 
walking and QoL associated with HMS in children. 
 
The next chapter review the methods of assessing GJL, HMS, musculoskeletal 
impairments, functional ROM during walking and QoL in children. 
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CHAPTER 3 : DIAGNOSTIC CRITERIA FOR GENERALISED 
JOINT LAXITY AND HYPERMOBILITY SYNDROME IN 
CHILDREN, AND METHODS OF ASSESSING THE 
ASSOCIATED FACTORS  
3.1 Introduction 
In the previous chapter, the possible neuromusculoskeletal impairments, gait 
patterns and level of quality of life (QoL) associated with HMS were discussed. 
There are many diagnostic criteria developed for defining generalised joint laxity 
(GJL) and hypermobility syndrome (HMS). These methods include the Carter and 
Wilkinson scoring system (1964), Beighton et al. (1973), Bulbena et al. (1992) and 
Brighton criteria (Grahame 2000a). There are currently no agreed criteria for 
assessing GJL and HMS although, a set of diagnostic manoeuvres proposed by 
Carter and Wilkinson (1964), modified by Beighton et al. (1973) are often used. 
Unfortunately, these methods are insensitive, subjective and not standardised.  
 
Beside these tools, other instrumental methods have been used to assess joint 
laxity associated with HMS. These include the hyperextensometer (Bird et al. 1979), 
fixed torque device (Jobbins et al. 1979), and universal goniometers (Mishra et al. 
1996). Although such instruments are quantitative means of clinical assessment 
they may not be sensitive to clinical changes and only assess joint laxity (one of the 
key features associated with HMS) without its associated symptoms. Therefore, 
their clinical utility for diagnosing children with HMS is limited. The inability of such 
methods to detect the various clinical features of HMS might have contributed to the 
concern that some researchers and clinicians have regarding clinical assessment of 
children with HMS. For example, Cherpel and Marks et al. (1999) and Ferrell et al. 
(2004) believed that patients with HMS may be missed out during clinical 
assessment and may not receive the appropriate treatment for their condition. 
 
The traditional diagnostic tools used for HMS do not include assessment of the key 
features that may be associated with this condition such as musculoskeletal 
impairments (range of motion (ROM), pain, proprioception and muscle strength), 
functional ROM during walking and QoL. There are many methods of assessing 
these key factors in children. Some of these methods may be time consuming, 
expensive and pose some ethical issues. This chapter examines the strengths and 
weaknesses of various methods of assessing GJL and HMS. It also discusses 
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issues related to assessment of neuromuscular impairments, functional ROM during 
walking and QoL in children. Moreover, methods of gait analysis and QoL 
assessment are examined. The methods of assessing joint proprioception are 
discussed in chapter four of this thesis. 
3.2 Diagnostic Criteria for Generalised Joint Laxity and HMS 
There are many diagnostic criteria developed for assessing generalised joint laxity 
(GJL) and HMS (Cherpel and Marks 1999; Van der Giessen et al. 2001). The most 
widely used are the Beighton criteria, which are believed to be easy and suitable for 
epidemiological studies (Larsson et al. 1993). The range of diagnostic criteria are 
described below. 
3.2.1 The Carter and Wilkinson Diagnostic Criteria 
The first scoring system for assessing GJL was developed by Carter and Wilkinson 
(1964). The scoring scale or rating is a qualitative assessment of the ability to 
perform the following movements: 1) passive apposition of the thumb to the flexor 
aspect of the forearms; 2) passive hyperextension of the finger to > 900; 3) passive 
elbow hyperextension beyond 100; 4) passive knee hyperextension beyond 100; 5) 
excessive passive ankle dorsiflexion and eversion. Using this set of criteria, one 
point is usually assigned to each lax joint. GJL is diagnosed in the presence of >3 
scores out of 5, while a child is said to have HMS with a score of >3 in the presence 
of musculoskeletal pain.  
 
The validity of Carter and Wilkinson’s method was examined by Bulbena et al. 
(1992) in healthy adults and those with HMS. They found a high Spearman’s rho 
correlation coefficients (r = 0.91) between the Carter and Wilkinson and Beighton 
criteria suggesting that there was a high concurrent and predictive validity between 
the diagnostic criteria. A good interater repeatability (Kappa coefficients >0.7) of the 
Carter and Wilkinson criteria was also demonstrated by Bulbena et al. (1992). These 
criteria are time efficient and easy to administer. 
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However, the Carter and Wilkinson method is subjective, non standardised and 
limited in scope. It only takes into consideration joint ROM and pain in HMS patients 
rather than the other symptoms such as muscle weakness, proprioception and QoL. 
These criteria take into consideration certain specified joints, thereby missing out 
some other joints that might be symptomatic such as the shoulder joint. The 
sensitivity of this method has not been reported. Carter and Wilkinson criteria were 
designed for young children and they may not be appropriate for use in older 
children.  
3.2.1  The Beighton Criteria 
Beighton criteria are modifications of the Carter and Wilkinson criteria by Beighton et 
al. (1973). They were developed for use in an epidemiological survey of bone and 
joint disorders (Bulbena et al. 1992; Grahame and Bird 2001) and were first used for 
assessing 300 healthy children and adults in a rural community in South Africa by 
Beighton et al. (1973). The Beighton criteria (Table 3.1 and Figure 3.1) consist of 
five scoring items. One point is assigned for each lax joint with one additional point 
for excessive forward trunk flexion. 
 
Beighton criteria constitute the most widely used assessment tool for large 
population studies concerning GJL and HMS. However, there is no universally 
accepted Beighton score for the diagnosis of GJL and HMS (Maillard and Murray 
2003). A minimum score of 4/9 has been considered for diagnosing GJL and a score 
of 4/9 with associated musculoskeletal complaints such as pain has been used as 
the diagnostic cut-off point for HMS (Tables 2.1 and 2.2). The Beighton criteria are 
accurate, easy to use and are not time-consuming (Klemp et al. 1984), and have 
recently been validated in children (Van der Giessen et al. 2001). Additionally, 
excellent intra-rater repeatability (ICC = 0.84) and inter-rater repeatability (ICC = 
0.80) of the Beighton criteria have been reported in healthy school children by 
Mikkelsson et al. (1996). In addition, the Beighton criteria have been reported to 
have low inter-rater variability by clinicians when used for assessing children 
(Hansen et al. 2002). The Beighton criteria have one advantage over the Carter and 
Wilkinson (1964) method in that they cover more joints. However, it is believed that 
the spinal flexion test is the least useful (Lewkonia 1987) as it is influenced by age, 
limb length, and even repetitive hamstring stretching (Klemp et al. 1984). Although 
the Beighton criteria give a widespread nature of joint laxity in individuals with HMS, 
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they give no indication of the degree of joint laxity (Grahame and Bird 2001) at 
specific joints. Moreover, the severity of symptoms of HMS in children is also not 
taken into consideration by Beighton criteria. Therefore, there is a risk that pauci-
articular HMS may be missed during clinical assessment using this method. 
 
Table 3.1: The nine point Beigthon criteria (Adapted from Grahame 1999; Van 
der Giessen et al. 2001): One point may be gained on each side (right or left) 
for activities A-D and a total score of 9 points can be achieved if all are 
positive. 
  Activity                                                                                          Right        Left 
 
A) Passive dorsiflexion of the fifth metacarpophalangeal joint to 
900 with the wrist in mid position.                                                        1                1 
B) Passive opposition of the thumb to the volar aspect of the  
ipsilateral forearm.                                                                               1               1 
C) Hyperextension of the elbow greater than 100.                               1               1 
D) Hyperextension of the knee more than 100.                                    1               1 
E) Bending forward to place hands flat on the floor without  
bending the knees.                                                                                       1 
 
Total possible score                                                                                      9 
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Figure 3.1: The Beighton criteria for generalised joint laxity (illustration by 
Steve Kelly, Manchester Metropolitan University) 
 
Beighton criteria overlook several joints that have a tendency to develop HMS-
related symptoms, such as the shoulder and ankle. The criteria do not take into 
account the reduction in GJL with age, as GJL varies with age and health status 
(Cherpel and Marks 1999). Furthermore, these assessment criteria are a qualitative 
means of diagnosing HMS. The method only takes into consideration the joint ROM 
and pain in HMS patients rather than other key symptoms that may be associated 
with the condition.  
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3.2.2 Contompasis Assessment Method 
The Contompasis method (Table 3.2) proposed by McNerney (1979) is a further 
modification of the Beighton criteria (McCormack et al. 2004). It is believed that the 
Contompasis method gives a more refined grading by allowing between two and six 
(eight in case of the forward flexion test) points for each of the nine Beighton scores 
(Grahame 2003b). Contompasis introduces a sixth test (test of hindfoot eversion) 
with a range of between two and seven points. Excluding the hind foot eversion test, 
this scoring system has a total of between two and 56 points (Cherpel and Marks 
1999). However, if the foot eversion test is included, the maximum range extends 
from two to 70 points (Grahame 2003b). It provides a means of measuring joint 
ROM through the normal range into the hypermobile end. The Contompasis method 
is a semi-quantitative measure of GJL (McCormack et al. 2004) and the most 
comprehensive of all the assessment criteria (Bird 2004). A strong and significant 
correlation (r = 0.87; p = 0.001) was obverved between the Beighton and 
Contompasis methods (Ferrell et al. 2004). Although the use of Contompasis 
method for diagnosing GJL and HMS is becoming popular (Mishra et al. 1996; 
Ferrell et al. 2004; McCormack et al. 2004; Ferrell et al. 2007), it is complex and 
time consuming. Information on neuromusculoskeletal impairments and the level of 
QoL characteristics associated with HMS may not be necessary for diagnosing 
HMS, but would have been better if the method provided some information 
regarding other factors that may be associated with this condition. Therefore, there 
are limitations to its use for assessing children diagnosed with HMS.  
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Table 3.2: The Comtompasis scoring scale (Adapted with permission from Cherpel and Marks 1999) 
 
Movements 1-5 are replicated from the Beighton criteria but higher points are allocated to the degree of GJL scored (2-56 with foot test 
excluded; 2-70 with foot test included). Please note that movements 1-4 and 6 are scored bilaterally.  
 55 
 
3.2.3  Bulbena Criteria 
The presence of GJL can also be measured using the Bulbena score (Bulbena et al. 
1992; Engelbert et al. 2005). These are a set of 10-point Hospital del Mar 
(Barcelona) criteria (Bulbena et al. 1992). The Bulbena criteria (Table 3.3) are an 
alternative scoring system for GJL and HMS, introduced to obtain detailed 
information about ecchymoses and the presence of GJL in nine joints (little finger, 
thumb, elbow, shoulder, hip, knee, patella, ankle and first metatarsophalangeal) 
overlooked by the Beighton criteria (Bulbena et al. 1992). 
 
An advantage of this scale is that some other parts of the body that can easily yield 
useful evidence of the symptoms of HMS have been incorporated. On the other 
hand, this scale is a subjective form of diagnosis of HMS. Consequently, there are 
limitations to its use in children with HMS. 
 
The Bulbena score is made up of gender-related cut-off points. In girls, a score of 
greater than 5 and in boys 4 are used to determine the presence of GJL. The 
Bulbena scoring system has been found to have high concurrent validity with the 
Beighton score and high test-retest repeatability in adults (Bulbena et al. 1992). The 
test-retest repeatability of the Bulbena scoring system has also been reported to be 
excellent in children (Engelbert et al. 2005). 
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Table 3.3: Bulbena Criteria (Adapted from Cherpel and Marks 1999; Bulbena et 
al. 2004): In girls, GJL is diagnosed by the presence of a score greater than 5 
and a score greater than 4 in boys indicate the presence of GJL. 
 
Upper Limb 
Thumb: Passive apposition of the thumb to the flexor aspect of the 
forearm at <21mm. 
Metacarpophalangeal: With the palm of the hand resting on the table, 
the passive dorsiflexion of the fifth finger is >900. 
Hyperextension of the elbow: The passive extension of the elbow is 
>100. 
External rotation of the shoulder: With the upper arm touching the body 
and with the elbow flexed at 900, the forearm is taken in external rotation >850 
of the sagittal plane (shoulder to shoulder line). 
 
Lower Limb, Supine Position 
Hip abduction: The passive hip abduction can be taken to an angle of 
>850. 
Patellar hypermobility: With one hand holding the proximal end of the 
tibia, the patella can be moved well to the sides with the other hand. 
Ankle and feet hypermobility: An excess range of passive dorsiflexion of 
the ankle and eversion of the foot can be produced. 
Metatarsophalageal: Dorsal flexion of the toe foot over the diaphysis of 
the first metatarsal is >900. 
 
Lower Limb, Prone Position 
Hyperextension of the knee: Knee flexion allows the heel to make 
contact with the buttock. 
 
Ecchymoses 
Ecchymoses: Appearance of ecchymoses after hardly noticed, minimal 
traumatism.  
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3.2.4  Brighton Assessment Criteria 
Because there is an overlap between HMS and heritable disorders of connective 
tissue, the Brighton criteria (Table 3.4) have been developed (Grahame 2000a).  
They were proposed by the British Society for Rheumatology in 1992 (Mikkelsson 
1996). These diagnostic criteria are a combination of Beighton criteria and 
definitions of the duration of symptoms and range of arthralgia (joint pain) (Bird 
1992). They include several clinical features as well as range of joint movement. 
They are used for classifying HMS and not GJL (Maillard and Murray 2003). The 
Brighton criteria consist of major criteria and minor criteria (Table 3.4).  
 
Table 3.4: The Revised Brighton Criteria for HMS (Adapted from Grahame 
2000a): HMS is diagnosed by the presence of the two major criteria, or one 
major and two minor criteria, or four minor criteria. 
Major criteria  
1. A Beighton score of 4/9 or more (currently or historically)  
2. Arthralgia for longer than 3 months in 4 or more joints  
Minor criteria  
1. A Beighton score of 1, 2 or 3/9 (0, 1, 2, or 3 if aged 50 years plus)  
2. Arthralgia (≥3 months) in 1–3 joints, or back pain (≥3 months), 
spondylosis, spondylolysis/spondylolisthesis  
3. Dislocation/subluxation in more than one joint, or in one joint on more 
than one occasion  
4. Soft tissue rheumatism ≥3 lesions (e.g. epicondylitis, tenosynovitis, 
bursitis)  
5. Marfanoid habitus: tall, slim, span:height ratio >1.03, upper:lower 
segment ratio <0.89, arachnodactyly (+ Steinberg/wrist signs)  
6. Abnormal skin: striae, hyperextensibility, thin skin, papyraceous 
scarring  
7. Eye signs: drooping eyelids or myopia or antimongoloid slant  
8. Varicose veins or hernia or uterine/rectal prolapse  
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It is believed that two minor criteria will suffice where there is an unequivocally 
affected first-degree relative (Grahame 2000a). However, HMS is excluded by the 
presence of Marfan or Ehlers-Danlos syndromes (EDS) (other than the EDS 
hypermobility (GJL) type). Moreover, major criteria 1 and minor 1 are mutually 
exclusive and major 2 and minor 2 (Grahame 2000a). 
 
The advantage of these criteria over the others is that they take into consideration 
associated symptoms (such as joint pain and dislocation/subluxations) and their 
duration in relation to HMS. However, Brighton criteria are a qualitative means of 
diagnosis. The validity, repeatability and sensitivity of the Brighton criteria have not 
been reported in children. Therefore, there are limitations to the use of the Brighton 
criteria in clinical assessment of HMS in children.  
 
 
In summary, there are various diagnostic methods for GJL and HMS. These scoring 
systems are believed to provide an approximate quick guide on GJL and HMS (Bird 
2005). However, they are subjective and hence are prone to bias. In addition, they 
do not accurately quantify the extent of joint laxity and pain for other purposes. 
Although these diagnostic tools were designed to incorporate the ROM and pain 
associated with HMS, they would have been more appropriate for clinical 
assessment if other important symptoms such as muscle weakness (Middleditch 
2003; Sahin et al. 2007), impaired joint proprioception (Mallik et al. 1994; Hall et al. 
1995) and functional difficulties (Adib et al. 2005) associated with HMS were 
included in the tools. Furthermore, there are no agreed criteria and cut-off point for 
diagnosing GJL and HMS.  
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3.3 Measuring Devices for Joint Range of Motion (ROM)  
The previous section demonstrated that the existing diagnostic criteria used for 
assessing GJL are subjective and only consider the widespread nature of joint laxity 
and pain associated with GJL. They do not give enough indication of the extent of 
joint laxity and when GJL become symptomatic. This implies that these methods of 
diagnosis may not be sensitive to detecting clinical changes in children with HMS.  
 
GJL is a necessary feature of HMS in children (Arroyo et al. 1988) and has been 
measured subjectively using the criteria described in section 3.2. Only two studies 
have examined GJL in children with HMS using an objective measure (Engelbert et 
al. 2003; 2006). If clinical changes associated with HMS are to be monitored 
effectively, it is important to measure ROM objectively. Therefore, relevant methods 
of assessing ROM in children are examined in this section.  
3.3.1  Range of Motion (ROM)  
Joint range of motion (ROM) can be examined by performing various active and 
passive joint motions. Joint motion is a necessary component of most functional 
tasks (Clarkson 2000). It is believed that careful examination of joint range of 
motion, end-feel, effect on symptoms, and pattern of limitation help to identify and 
quantify impairments causing functional disabilities, and to determine the structures 
that require treatment (O’Sullivian and Schmitz 2001). Joint ROM can be affected by 
pathology, muscle strength, oedema, age, activities, gender, joint enlargement, and 
joint deformity (Norkin and White 2003). 
3.3.1.1 Types of Movements 
Essentially two types of motion can be achieved in a joint; the passive ROM 
(PROM) and the active ROM (AROM). Passive motions are movements performed 
by the examiner without the assistance of the patient (Maitland 1991; Clarkson 
2001; Petty and Moore 2001). Normally, PROM is slightly greater than the AROM 
because joints have a small amount of motion at the end of the range that is not 
under voluntary control (Clarkson 2001; Petty and Moore 2001). This additional 
range helps to protect joint structures by allowing the joint to absorb extrinsic forces. 
PROM is examined not only for amount of motion, but also for motion’s effect on 
symptoms, end-feel, and pattern of limitation (Norkin and White 2003).  
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PROM depends on the integrity of the joint surfaces and the extensibility of the joint 
capsule, ligaments, muscles, tendons and soft tissue. Limitations in PROM may be 
due to bony or joint abnormalities or tightness of the associated soft tissues 
(Clarkson 2001; Petty and Moore 2001; Norkin and White 2003). Because the 
examiner provides the force needed to perform PROM, rather than the patient, 
PROM does not depend on the patient’s muscle strength and coordination. The 
AROM is the unassisted voluntary movement of a joint (Petty and Moore 2001; Trew 
and Everett 2001). Different methods of assessing ROM are discussed below. 
3.3.2 Fixed Torque Device (FTD) 
This measuring device was developed by Silman et al. (1986). The device was first 
used and validated for index finger hyperextension by Jobbins et al. (1979) and was 
modified by Silman et al. (1986) to measure the index finger hyperextension, 
forearm rotation (total range – pronation plus supination), and lower limb rotation 
(total range – external plus internal rotation).  
 
This method was used to assess the distribution of mobility in a normal adolescent 
population (Silman et al. 1986). A fixed torque device (FTD) is easy to use and 
provides the examiner with quantitative data.  However, the device is expensive and 
not readily available for clinical use. Therefore, it was not used in the present study 
for assessing ROM. 
3.3.2  Gravity-Dependent Goniometer 
Gravity-dependent goniometers or inclinometers use gravity’s effect on measured 
fluid levels to measure ROM (Clarkson 2001; Norkin and White 2003). There are 
various types of gravity-dependent goniometers such as pendulum, fluid (bubble), 
Myrin goniometer (LIC, Sweden) and cervical range of motion (CROM) (Lea and 
Gerhardt 1995). These goniometers use a pendulum needle that reacts to gravity to 
measure motions in frontal and sagittal planes and uses a compass needle that 
reacts to the earth’s magnetic field to measure motion in horizontal plane.  
 
They are usually attached to the distal segment of the joint being measured. They 
may be easy to use for certain joints (spinal joints) because they do not have to be 
aligned with bony landmarks or centred over the axis of motion (Norkin and White 
2003). However, to obtain accurate measurements it is important that the distal 
segment of the joint being measured be positioned vertically or horizontally. A good 
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test retest repeatability of gravity-dependent goniometers has been reported in 
healthy adults (Rheault et al. 1988; Bartholomy et al. 2000).  
 
Rheault et al. (1988) investigated interrater repeatability and concurrent validity of a 
gravity-dependent goniometer for measuring active knee flexion in 20 healthy adults 
(mean age 24.8 years) in prone lying. Measurements with the goniometer were 
compared with those taken with a universal goniometer. A good interrater 
repeatability (r = 0.87) was recorded for the two goniometers. The study by Rheault 
et al. (1988) was conducted on adults and their findings may therefore not be 
applicable to children. They also examined active knee ROM, rather than passive 
knee flexion to be assessed in this work. Gravity-dependent goniometers are difficult 
to use on small joints (Clarkson 2000) and where there is soft tissue deformity or 
oedema. Furthermore, they are also impractical for measuring knee flexion in 
supine, due to associated hip movement. Additionally, they are generally expensive. 
In view of these drawbacks, the gravity dependent goniometer was not used for 
assessing knee joint ROM in this study. 
3.3.3 Visual Estimation 
Visual estimation is often used in clinical practice to assess ROM of patients, 
especially those with excessive soft tissue covering physical landmarks (Watkins et 
al. 1991). PROM of the knee joint in 43 adults (mean age 39.5 years) was examined 
using a universal goniometer and visual estimates by Watkins et al. (1991). The 
visual estimation method was reported to be less accurate and repeatable than the 
universal goniometers (Watkins et al. 1991) for measuring both knee flexion and 
extension. Visual estimation depends on the experience and judgement of the 
examiner. Additionally, it gives subjective information and may not be sensitive 
enough for clinical use. As a result of these limitations, visual estimation was not 
used for assessing ROM in this study. 
 
 
 
 
 
 62 
 
3.3.4  Photography and Video Recording Equipment 
Photography has been used to measure joint ROM. Fish and Wingate (1985) 
reported that photography methods are more accurate than universal goniometry for 
measuring elbow joint ROM. Photography methods are more expensive and time 
consuming than other clinical methods. Video recording techniques have also 
previously been used to assess joint ROM (Norkin and White 2003). These 
techniques require the attachment of reflective markers on bony landmarks. An 
example is in motion analysis systems. These techniques depend on the examiners’ 
experience in marker placement procedure. Skin movement may be associated with 
these techniques and may lead to measurement error. Video methods are generally 
expensive and require very large amount of space. Hence, video methods may not 
easily be available for clinical use. Hence, it was not used in the present study for 
measuring passive ROM of the knee joint. 
3.3.5 Radiographic Technique 
This method is believed to be the ‘gold standard’ against which all other techniques 
of joint ROM measurement are compared (Norkin and White 2003). Radiographic 
techniques have been used to measure the amount and type of motion occurring at 
the human knee joint (Enwemeka 1986). In a study of 10 healthy adults (age range 
= 21 to 35 years) by Enwemeka (1986) measurements of six knee joint angles (0, 
15, 30, 45, 60, and 90 degrees) were compared using a universal goniometer and 
bone angle measurements provided by radiographs. A mean difference of 0.52 to 
4.59 degrees (range) was reported, suggesting a low systematic difference between 
these methods of assessing ROM.  
 
Although the study reported by Enwemeka (1986) examined the knee joints it had a 
small sample size. Additionally, it was conducted on healthy adults. Therefore, the 
findings from that investigation may not be applicable to children and subjects with 
pathological conditions. Moreover, routine and repeated exposure to radiation when 
measuring joint ROM using radiographic techniques may constitute health risks. 
This technique is expensive, may be time consuming and poses ethical issues. 
Therefore, its use in the clinical setting for ROM assessment in children is not 
desirable. 
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3.3.7 Electrogoniometers 
Electrogoniometers have been used in research studies to obtain dynamic joint 
measurements. The electrogoniometer is a strain gauge that converts angular 
motion of the joint into electrical signals (Reese and Bandy 2002). Many 
electrogoniometers are capable of measuring motion in several planes 
simultaneously. The test-retest repeatability of an electrogoniometer (Penny and 
Giles Ltd, Blackwood) for measuring the ROM of the first metatarsophalangeal joint 
in 14 healthy adults (mean age = 34 years) was reported by Bevans (1993) to be 
excellent (Pearson’s Product Moment (PPM) Correlation = 0.90). The statistical 
analysis used (PPM) by Bevans et al. (1993) for assessing repeatability might not 
have been appropriate. PPM examines a relationship between two variables and not 
agreement between measurements (Bland and Altman 1996a; Rankin and Stokes 
1998). Therefore, a good relationship between measurements obtained from the 
electrogoniometer used might not have been an indication of good agreement 
between its measurements. 
 
Furthermore, the application of electrogoniometers requires examiner’s skill as they 
are very difficult to align with the joint being measured. The use of 
electrogoniometers may be time consuming as they take time to calibrate 
accurately; they are also very expensive. Due to these disadvantages, they may not 
be suitable for assessing ROM in children diagnosed with HMS in a clinical setting. 
Hence, they were not used in the present study. 
3.3.8  Universal Goniometer 
The universal goniometer is the instrument most commonly used to measure joint 
ROM in the clinical setting (Nokin and White 2003). It can be used to measure ROM 
in virtually all joints of the body (Nokin and White 2003). The universal goniometer 
may be made of metal or plastic and varies in shape and size. It consists of a 
protractor (metal or plastic) measuring 00 to 1800 and from 1800 to 00, or from 00 to 
3600 and from 3600 to 00. The universal goniometer is made up of two arms 
(stationary and moving arm) and the overall length of each arm depends on the 
design of the goniometer. The two arms are secured through the centre of the 
protractor by a rivet or friction bolt. The measurement scales of the goniometer may 
vary from 10 to 100 increments.  
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Gogia et al. (1987) demonstrated an excellent criterion-related validity (r range = 
0.97 to 0.98; ICC range 0.98 to 0.99) of passive knee flexion in 30 healthy 
volunteers aged 20 to 60 years using a universal goniometer. These authors also 
reported an excellent interrater repeatability (r = 0.98; ICC = 0.99) of passive knee 
flexion. The study by Gogia et al. (1987) has the advantage of having a good 
sample size. However, it was conducted in healthy adults and as a result the 
findings may not be transferable to children. Moreover, the details of their testing 
position were not given therefore it is possible that testing position was not 
standardised. Similarly, Pandya et al. (1985) reported a high test-retest repeatability 
(ICC range = 0.81 to 0.91) and low interrater repeatability (ICC range = 0.25 to 0.91) 
of passive knee extension measurements in children aged 1 to 20 years with 
Duchenne muscle dystrophy (DMD), using a universal goniometer. Universal 
goniometers are easy to use, inexpensive and are readily available for clinical use 
(Clarkson 2000).  
 
 
In summary, review of the literature reveals that there are various methods of 
assessing ROM. Some of these methods have been reported to be valid means of 
evaluating ROM. Available evidence shows that some of these methods have been 
used mainly in healthy adults (Rheault et al. 1988; Bartholomy et al. 2000). The use 
of a technique like the radiographic method may pose ethical problems thereby 
limiting its routine use in assessing ROM in children. 
 
Techniques like electrogoniometers, video recording and photography are 
expensive and time consuming. Moreover, an inexpensive method such as the 
visual estimate may not be sensitive enough for clinical use. Universal goniometers 
are easy to use, inexpensive and are readily available for clinical use (Clarkson 
2000). Furthermore, their measures have been shown to be repeatable (test-retest 
repeatability) for assessing knee joint ROM in children with DMD. Consequently, the 
universal goniometer was used for assessing knee ROM in this study.  
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3.4 Clinical Methods of Assessing Pain 
The International Association for the Study of Pain (IASP 1994), defined pain as an 
unpleasant sensory and emotional experience associated with actual or potential 
damage, or described in terms of such damage. Pain is a subjective feeling, with no 
known biological markers but a response to noxious stimuli. Pain may be modified 
by psychological factors such as state of mind, past experience and conditioning 
influences, as well as sociological factors such as gender and culture (French 1989).  
 
Pain could be physical or psychological. Budd (1996) classified physical pain 
according to causes: 1. Nociceptive (stimulation of nocieptors). 2. Neurogenic 
(malfunction or damage to nervous tissues). 3. Sympathogenic (malfunction of the 
sympathetic arm of the autonomic system); and 4. Visceral pain (prolonged noxious 
stimulation of high threshold receptors, intensity-encoding receptors and silent 
receptors).  
 
This section examines clinical methods of evaluating pain in children. Pain 
assessment is a critical component of pain management. There are a number of 
well-validated pain measuring instruments for children and adolescents (Walker et 
al. 1997; Streisand et al. 2001). Pain assessment in children is challenging since 
most of the methods used are subjective. However, objective evaluation of the 
nature and frequency of children’s pain behaviours provides an accurate estimate of 
the strength of their pain experiences (McGrath and Brigham 1992).  
 
There are several methods of measuring pain in children, such as physiological 
measures of pain (Hester 1993), visual analogue scale (McGrath 1987), parent post-
operative pain measure (Chambers et al. 1996), adolescent paediatric pain tool 
(Savera et al. 1993) and faces pain scale (Chambers et al. 2003). Other types of 
self-report measures have also been developed for children such as the Poker chip 
tool (Romsing et al. 1996) and pain thermometer (Schanberg et al. 1997; Cheng et 
al. 2003). French (1989) believed that the presence of pain and measurement of its 
intensity rely entirely on the patient’s self report.  
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As suggested by McGrath et al. (1996), a good paediatric pain measure must be 
valid, in that it clearly measures specific dimensions of a child’s pain so that 
changes in ratings reflect meaningful differences in the child’s experience. It must be 
repeatable regardless of the time of testing, age or gender of the child and 
regardless of who administers the measure to the child. Furthermore, the measure 
must be relatively free from response bias in that children use it similarly regardless 
of differences in how they wish to please adults or differences in how adults may 
administer it. Lastly, it must be versatile and practical for assessing different types of 
pain and for use in diverse clinical settings (McGrath et al. 1996). This following 
section examines in more detail some methods of assessing pain in children. 
3.4.1 Adolescent Paediatric Pain Tool (APPT) 
The adolescent paediatric pain tool (APPT) is a multidimensional pain instrument for 
children and adolescents (Crandall and Savendra 2005). It consists of three 
components: 1) a body outline; 2) a 100-mm visual analogue scale with 5 
equidistant pain intensity word anchors (i.e., a word-graphic scale); 3) a pain quality 
word descriptor list. Children are asked to rate their pain on the numeric rating scale, 
mark the areas on the body outline diagram (BOD) where he/she is having the worst 
pain or point to the words on the word descriptor list that best describes the pain 
when it was at its worst. 
 
The validity and repeatability of each component of the APPT has been established 
in healthy and ill children (Savera et al. 1993). The adolescent paediatric pain tool 
provides children with a systematic method for describing the characteristic of their 
pain, intensity, and the body segments that are involved. This assessment tool has 
two limitations. First, it is time consuming. Secondly, where the child is not able to 
read the researcher is required to explain the procedure to the child. During the 
assessment procedure, the researcher might not interpret the response correctly. 
Due to the time involved in the administration of APPT, it was not used for pain 
assessment in this study.  
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3.4.2 Physiological Measures of Pain 
Physiological measures of pain have been used to indicate the presence of pain 
through changes in physiological variables assumed to be associated with pain 
(Hester 1993). Such variables include heart rate, vagal tone, respiratory rate and 
blood pressure. Others are palm sweating, oxygen saturation, transcutaneous 
oxygen tension, transcutaneous carbon dioxide and intracranial pressure (Hester 
1993).  
 
Physiological measures of pain give objective and quantifiable data. However, their 
validity and repeatability have been difficult to examine (Stevens et al. 1995). These 
measures require a large amount of staff training and expensive equipment. Also, 
many factors other than pain may affect physiological variables. Physiological pain 
measures cannot be used for retrospective pain assessment, for example pain in 
the last 2 days. Therefore, these pain assessment tools may not be sufficient to 
capture pain experienced by children with HMS. Thus, they were not suitable for use 
in this study. 
3.4.3 Visual Analogue Scale (VAS) 
The visual analogue scale is a 10-cm line with the anchor words such as ‘no pain’ 
and ‘the worst pain possible’. This scale is universally used. It is subject to bias but 
has proven to be repeatable and valid in children and adolescents of 9-15 years 
(McGrath 1987). Similarly, children aged 5 years and older have been able to use 
the VAS in a repeatable and valid manner to rate their pain intensity (McGrath et al. 
1991). The scale requires children to mark a line at a point that matches the strength 
of their pain intensity.  
 
Studies have shown that some VAS have ratio scale properties (McGrath et al. 
1985) that can provide accurate estimates of pain intensity and percent changes in 
pain. Another type of VAS is the traditional VAS; with a black line drawn on a piece 
of paper (McGrath et al. 1996) and the clinician measures a child’s response using a 
ruler. This may be time consuming for routine assessment of children’s pain. 
Additionally, the measurement by the clinician using a ruler may not accurately 
reflect a child’s response as it is prone to mistake on the part of the clinician. 
Moreover, a child’s response may be influenced by numerical values on the scale. 
Because of this, VAS may not provide a true pain rating in children with HMS. 
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3.4.4  Coloured Analogue Scale (CAS) 
The CAS is a modification of the VAS (McGrath et al. 1996; Miro and Huguet 2004). 
It is a simple and validated (McGrath et al. 1996) tool for measuring pain intensity 
that can be used for children aged 5 years and older. Because of children’s 
cognitive development and the relative abstractness of the VAS format, 
modifications specifically for children have been made to the VAS. The simplest 
change is the rotation of the axis 90 degrees so that the child reads it in the vertical 
plane. This is based on the assumption that children’s vertical quantification abilities 
precede horizontal quantification abilities (Johnston 1998). A final modification is the 
addition of colour, which varies in intensity, light pink to deep red (McGrath et al. 
1996).  
 
The CAS consists of a 14.3 cm long triangular shape varying in width and hue from 
1.1 cm and light pink at the bottom to 3.0 cm and deep red hue at the top. A plastic 
marker slides along the scale to provide a pain rating along a continuum from the 
bottom to the top of the scale. On the opposite side of the CAS is a corresponding 0 
to 10 numerical scale (from which the clinician takes a measurement not available to 
the child). The CAS is contained on a plastic card (17.5 x 2.5 cm) 
 
McGrath et al. (1996) reported that the CAS was a valid tool for measuring pain 
intensity in children and adolescents aged 5 – 17 years. They also found that the 
CAS was easier to administer and score than the VAS in healthy children and those 
with recurrent headache (aged 5 to 16 years) suggesting that CAS may be more 
practical for routine clinical use in children. The manufacturer of CAS recommended 
that during pain assessment the sliding marker on the CAS be placed at the bottom 
of the scale (McGrath et al. 1996). This may influence the child’s response 
especially where the child has no pain or is not in so much pain. Children may want 
to move the marker to please the person evaluating their condition.  
 
From the foregoing, it is obvious that there is no specific means of assessing pain in 
children. However, a more quantifiable method of pain assessment in children may 
be expensive, time consuming and are impractical. The CAS provides children with 
the opportunity to rate their pain perception themselves; thereby it gives measure of 
pain intensity in children that reflects what the child experiences. The addition of 
markers along the line makes the CAS more easily scored than the traditional VAS.  
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The CAS is straightforward to use and does not require further measurement by the 
clinician. Additionally, it is inexpensive and can be easily administered. Moreover, 
the introduction of colours makes the CAS more children friendly than the VAS. 
Furthermore, the numerical ratings on the back of CAS enable researchers to 
quickly determine the number that represent a child’s pain intensity. In view of these 
advantages the CAS was used in this research.  
 
3.5 Methods of Assessing Muscle Strength (Torque) 
There are few studies that have reported muscle strength measurements in children 
with HMS. Therefore, further work on muscle strength assessment in children with 
HMS is required. This section examines issues concerning muscle strength 
assessment. It also discusses methods of evaluating muscle strength in children. 
 
Measurement of muscle strength is an integral part of physiotherapy assessment of 
patients (Trudelle-Jackson et al. 1994). Accurate measurement of muscle strength is 
important for identifying strength deficits and documenting changes in performance 
as a result of interventions (Vermeulen et al. 2005). Methods of measuring muscle 
strength include manual muscle testing (Dvir 1997; Trew and Everett 2001; 
Bohannon 2002), use of various hand-held force myometers (Bohannon and 
Andrews 1987; Seagraves and Horvat 1995; Reinking et al. 1996; Engelbert et al. 
2003) and computerised isokinetic muscle testing (McNair et al. 1996; Reinking et 
al. 1996; Pincivero et al. 2003). Manual muscle testing (MMT) is probably the most 
widely used method (Trew and Everett 2001; Bohannon 2002). Evidence indicates 
that hand-held myometers may yield more precise measurements and are more 
sensitive to small changes in strength than MMT (Noreau and Vachon 1998). The 
following section discusses different types of muscle contraction. The strengths and 
weaknesses of some methods of muscle testing are then examined in detail. 
3.4.5 Types of Muscle Contraction 
Muscle strength can be assessed isometrically or isotonically. Isometric contraction 
occurs when there is no visible change in the length of the contracting muscle 
(Norkin and Lanvangie 1988). Isotonic contraction takes place when there is 
movement of one or more of the bones to which the contracting muscles are 
attached (Trew and Everett 2001). Isotonic contraction can be divided into 
concentric and eccentric muscle activities. In concentric contraction, the contracting 
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muscle shortens and movement of bones and joints occurs (Trew and Everett 
2001). During concentric contraction the muscle force generated is less than during 
isometric contraction (Norkin and Lanvangie 1988; Trew and Everett 2001). This is 
because more cross bridges are formed during isometric contraction than isotonic 
activity. In eccentric muscle contraction the muscle undergoes lengthening and the 
external force is greater than that generated by the active muscle (Norkin and 
Lanvangie 1988; Trew and Everett 2001). The maximum force generated by the 
contracting muscle is higher than under concentric and isometric conditions. It is 
believed that unfamiliar, high force eccentric contraction causes more fatigue, pain 
and muscle damage than concentric or isometric activities (Trew and Everett 2001). 
 
Maximal isometric muscle contractions provide an index of skeletal muscle 
performance. Isometric muscle testing is recommended for patients with muscle 
weakness, who have been diagnosed as having a condition that leads to 
progressive muscle weakness, or who are recovering from musculoskeletal injury or 
corrective surgery (Amundsen 1990). Isometric muscle testing has a range of 
advantages (Amundsen 1990). It is easier to provide good stabilisation during 
testing. Effective stabilisation isolates the muscle group being tested, eliminates 
substitution and minimises the inhibition caused by unnatural joint traction or 
compression forces that can occur during dynamic testing. Additionally, isometric 
muscle testing produces less systemic fatigue than isotonic testing so that more 
muscles can be tested in a given session (Amundsen 1990). Moreover, isometric 
muscle testing is preferred where movement or muscle contraction causes pain. 
Isometric muscle contraction is necessary in the presence of joint contracture or 
painful arcs of joint motion. Lastly, isometric testing helps to distinguish between 
contractile and noncontractile tissue pathology. Isometric strength has to be 
expressed in torque to give accurate predictions concerning functional performance. 
In view of the numerous advantages that isometric muscle contraction/testing has, it 
was used for muscle torque assessment in this study. 
 
Muscle strength testing can be affected by a variety of anatomical, physiological, 
mechanical and methodological factors such as age, gender, body mass, moment 
arm and joint angle (Smidt and Rogers 1982). Muscle strength has been reported in 
many ways such as in pounds or kilogrammes of force (Stuberg and Metcalf 1988, 
Rudelle-Jackson et al. 1994) and Newtons (Karner et al. 1998). Additionally, 
 71 
 
Sykanda et al. (1988) reported muscle strength in relation to subjects’ height. 
Strength has also been examined relative to the moment arm or length (torque) 
(Merlini et al. 1995). Effgen and Brown (1992) suggested that normative values of 
muscle performance may be given in terms of torque rather than in force. According 
to Effgen and Brown (1992) when muscle performance is reported in terms of 
torque, lever arm length (length of the limb or limb segment acting on the myometer) 
between subjects can be accounted for.  
 
The length of the muscle, the lever arm, the type of contraction (Amundsen 1990) 
and the subject’s body mass can cause very large differences in the muscle force 
output. Torque is the phenomenon that causes movement of the limb segment 
(Amundsen 1990). Torque values are determined by multiplying the muscle force by 
the length of the subject’s limb (perpendicular distance between the point of 
application and joint axis) (Sloan 2002). Because of the advantages that muscle 
torque has over muscle strength, the term ‘muscle torque’ is used henceforth in this 
thesis. Some methods of muscle testing are discussed in detailed below.   
3.4.6  Manual Muscle Testing  
Manual muscle testing (MMT) is a means of testing and grading muscle strength 
based on gravity and manually applied resistance. MMT is based on use of motion, 
gravity and manually applied resistance by the examiner to test and determine 
muscle performance. The muscles are graded 0 to 5, where 0 is the least strength 
and 5 indicate normal muscle performance.  
 
Florence et al. (1984) reported an excellent test-retest repeatability (ICC = 0.95) and 
interrater repeatability (ICC = 0.90) of MMT in children aged 5 to15 years with 
muscular dystrophy. MMT testing is simple and inexpensive. In addition, it is 
believed that MMT provides a quick and global impression of muscle performance of 
an individual (Dvir 1997). However, it is a subjective means of assessment that 
lacks sensitivity and responsiveness when used to quantify muscle performance 
(Bohannon 2002). MMT does not give quantifiable data, it is prone to bias, and may 
therefore be unsuitable for use in children diagnosed with HMS.  
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3.4.7 Isokinetic Dynamometry 
Isokinetic dynamometers are stationary, electromechanical devices that control the 
velocity of a moving body segment by resisting the patient’s effort such that the body 
segment cannot accelerate beyond the preset angular velocity. Isokinetic 
dynamometers can be used to measure muscle torque produced during isometric 
contractions. They are especially helpful in examining the performance of large and 
relatively strong muscle groups. Muscle groups acting at the knee, back, and to a 
lesser extent the elbow and shoulder are the ones most frequently tested with 
isokinetic devices.  
 
Isokinetic systems are constructed primarily for use in adults, but they can be used 
in children who are large enough to fit the various components. The components of 
isokinetic system could be modified or smaller ones could be developed to meet the 
size of children. Although it has been used for assessing knee muscle torque in 
children as young as 6 years old (Backman & Oberg 1989; Merlini et al. 1995; 
Wiggin et al. 2006), isokinetic dymamometers are expensive and their use in 
children lacks a standardised protocol making repeatability of results difficult (Wiggin 
et al. 2006).  
 
Bohannon (1987) believed that isokinetic dynamometers underestimate knee 
extension torque when measured with the subject’s limb in a gravity resisted 
position, while knee flexion torque is overestimated with the subject’s limb in a 
gravity assisted position. Additionally, there may be torque overshoot with the use of 
isokinetic dynamometer as the speed of the dynamometer may be exceeded by 
subjects being tested (Bohannon 1987). In view of the above limitations, it was not 
used for assessing muscle torque of children diagnosed with HMS in the present 
study. 
3.4.8 The Fixed-Load Cells  
The fixed-load cell provides subjects with adequate stabilisation and it is more 
convenient for subjects during testing (Amundsen 1990). 
 
A fixed-load cell can be used for assessing any muscle group in the human body. It 
is believed that it provides very sensitive measures for different muscle groups 
(Amundsen 1990) and does not depend on the strength of the examiner. This device 
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is expensive, large and cumbersome. This makes it unsuitable for clinical use. 
Therefore, it was not used for measuring muscle torque in children diagnosed with 
HMS. 
3.4.9 Myometers (Dynamometers) 
Different types of myometers have been developed and used for muscle testing both 
clinically and in research studies (Bäckman et al. 1989; Effgen and Brown 1992; 
Seagraves and Horat 1995; Vermeulen et al. 2005). Myometers can be hand-held or 
fixed in nature and may be mechanically or electrically operated. Examples include 
spring gauges (Balogun and Onigbinde 1992), hand-held myometer (HHMs) 
(Bohannon and Andrews 1987; Stuberg and Metcalf 1988; Deones et al. 1994; 
Stratford and Balsor 1994; Trudelle-Jackson et al. 1994) and the Hammersmith 
myometer (Hyde and Goddard 1983). At the moment, there is no consensus on the 
exact name for these strength assessment tools as they are often referred to as 
‘myometers’ (Backman et al. 1989; Sloan 2002; Engelbert et la 2003; Engelbert et 
al. 2004; Engelbert et al. 2006) or ‘dynamometers’ (Reilly and Walsh 2005; 
Vermeulen et al. 2005) by researchers and authors. Therefore, in order to avoid 
confusion, the term ‘myometer’ is used throughout this thesis. The strengths and 
weaknesses of myometers are considered below: 
3.4.9.1 Hand-Held Myometers (HHMs) 
Hand-held myometers as the name implies, are grasped in the hand of the examiner 
during testing (Bohannon 1987). They are portable devices, placed between the 
examiner’s hand and the patient’s body, that measure mechanical force. Patients 
are typically asked to push against the examiner in a maximal isometric contraction 
(‘make’ test), or hold a position until the examiner overpowers the muscle producing 
an eccentric contraction (‘break’ test). The torque measured by the myometer is 
affected by the method of applying the resistance, the patient’s body position in 
relationship to gravity, joint angle, myometer placement on the patient, stabilisation 
and the examiner’s strength (Andrew et al. 1996). 
 
HHMs are quantitative, inexpensive, easy to use and require less space in 
comparison to isokinetic devices (Reilly and Walsh 2005). A good to excellent test-
retest repeatability (ICC range = 0.75 to 0.99) was observed when upper and lower 
limb muscle torque was measured with a HHM (Effgen & Brown 1992) in children 
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aged 9-17 years with meningomyelocele. HHMs are prone to error due to off-centre 
loading, difficulties in subjects’ positioning and stabilisation and limitations in the 
strength and experience of the examiners (Andrew et al. 1996; Reilly and Walsh 
2005).  
 
Some HHMs have a maximum capacity of 27.2kg (Stuberg and Metcalf 1988); 
therefore, their use in older children with larger muscle groups that are likely to 
generate high isometric muscle torque may be limited. Additionally, the mechanical 
spring in the spring-based myometer may become fatigued overtime and lead to 
inaccurate torque measurement (Bohannon and Andrews 1989). Therefore, due to 
these limitations, HHM was not be used for muscle torque assessment in this study. 
3.4.9.2 Fixed Myometers  
Fixed myometers are static force gauges specifically designed for muscle torque 
assessment in clinical research. As the name implies, they are fixed to a stable 
object or frame (Bohannon 1987) during the testing procedure. An example of the 
fixed myometer is the digital myometer manufactured by MIE Medical System Ltd, 
UK. It consists of a transducer between 2 sets of straps. One strap is placed around 
the subject’s limb, while the other is attached to a fixed point. The MIE myometer is 
electrically controlled and has a displaying unit where the force measured is 
displayed. The MIE myometer can be used for assessing large muscle groups with 
minimal discomfort to subjects and the examiner.                               
 
Test-retest repeatability of the MIE digital myometer has been reported to be 
excellent in healthy children (ICC = 0.93) and good in children with cerebral palsy 
(ICC = 0.79) (Seniorou et al. 2002). Similarly, Van der Linden et al. (2004) have also 
demonstrated a good to excellent test-retest repeatability of the MIE myometer in 
healthy children (ICC range, 0.77 to 0.85) and children with cerebral palsy (ICC 
range, 0.75 to 0.83). The problem of stabilisation associated with HHMs can be 
overcome with the use of the MIE myometer as its stability does not depend upon 
the examiner (Bohannon 1987). In addition, it does not depend on the strength and 
experience of the examiner.  
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In conclusion, the methods of measuring muscle strength include manual muscle 
testing (Bohannon 2002), hand-held myometers (Engelbert et al. 2003) and 
isokinetic dynamometers (Wiggin et al. 2006). While MMT is probably the most 
widely used method (Trew and Everett 2001; Bohannon 2002), evidence indicates 
that muscle strength testing using measuring instruments such as hand-held 
myometers may be more precise and sensitive to small changes in strength than the 
MMT (Noreau and Vachon 1998). As a result, the MIE myometer was used for 
muscle torque assessment in this study. 
3.5 Quality of Life  
QoL is believed to be a unique personal perception, denoting the way that individual 
patients perceive and react to their health status (Gill and Feinstein 1994). QoL can 
be suitably measured by asking the patients directly to rate their ‘overall’ quality of 
life and the importance of individual items affecting their QoL. 
 
Health-related quality of life (HRQOL) is the impact of health and illness on the 
individual’s QoL (Eiser and Morse 2001). Although the terms HRQOL and QoL have 
different meanings, they have been used interchangeably. It is believed that the 
term QoL has been used ubiquitously (Gill and Feinstein 1994) and is commonly 
used in paediatric rheumatology (Press et al. 2002; Janse et al. 2005; April et al. 
2006). According to Feinstein et al. (1986) HRQOL assessment in clinical research 
and in clinical practice can be used to determine compensation and treatment plans 
and to indicate changes in a patient’s response to an intervention. 
 
HRQOL is more focused than overall QoL, and can include a wide range of 
dimensions which include (1) signs and symptoms of disease, (2) performance of 
basic physical activities of daily life (ADL), (3) performance of social roles, (4) 
emotional state, (5) intellectual functioning and (6) general satisfaction and 
perceived well-being (Bergner 1989). QoL is made up of three components (Jette 
1993) – physical, psychological and social functioning. These components are 
discussed below. 
 
a) Physical Functioning Component 
Physical function encompasses the performance of daily activities required to 
sustain the individual (Jette 1993). As described by Jette (1993), the physical 
functioning component of QoL includes performance of basic life activities such as 
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dressing, bathing, and walking and more complex life activities such as mental 
preparation, shopping, and transportation. 
 
b) Psychological Functioning Component 
The psychological functioning component of QoL consists of various cognitive, 
perceptual and personality traits of the individual (Jette 1993). Examples are self-
esteem, attitude toward body image, anxiety and depression (Jette 1993). 
 
c) Social Functioning Component 
Social function is viewed as the interaction of the individual within a larger social 
context or structure such as social activity, including participation in recreational 
activities and clubs, social interaction, telephoning or visiting relatives or friends 
(Jette 1993). 
 
It is believed that the three components interact with each other in the framework; 
alterations in one component may affect the others within the model (Jette 1993). 
The ultimate goal of providing physiotherapy services to patients with chronic 
disease is to improve their functional status and level of overall QoL (Jette 1993). 
Physiotherapy research sometimes focuses on improvements in impairments in 
evaluating the effectiveness of patients’ rehabilitation without paying attention to 
QoL in the patients. Researchers in rheumatology have suggested that QoL 
measures should be added to all clinical trials in rheumatology to complement 
anthropometric, clinical, and laboratory data (Bell et al. 1990). This is probably 
because physical measures alone cannot be relied upon to determine the 
effectiveness of treatment intervention on patients (Gong et al. 2007). 
 
Various QoL measures have been developed for assessing children with chronic 
conditions. The selection of a standardised instrument depends on several important 
factors, including (1) selected dimensions to measure, (2) psychometric properties, 
and (3) practicality. Some QoL measures in children are examined below: 
3.5.1 Functional Status II Revised (FSIIR) 
FSIIR is a questionnaire that was developed for assessing a child’s health status. It 
was designed for children aged 0-16 years. It has 8 domains (communication, 
mobility, mood, energy, play, sleep, eating, and toileting), and either 43-items (long 
version) or 14-items (short) (Stein and Jessop 1990). The questionnaire also 
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contains sociodemographic information, diagnosis, duration of illness, traditional 
morbidity measures (number of days in bed and number of days in hospital), and 
parental assessment of current stability of the condition.  
 
FSIIR is a comprehensive tool that can be completed within 30 minutes (Stein and 
Jessop 1990). It is inexpensive and can be administered by a lay interviewer. 
Moreover, FSIIR spans the entire childhood age range. On the other hand, it relies 
exclusively on parental reports. It has been demonstrated that mothers of children 
with juvenile arthritis rated their children’s perceived competence more negatively 
than the children themselves (Ennett et al. 1991). Similarly, when parents were 
asked to rate the QoL perception of their children, it was found that they reported 
lower values than the children themselves (Bruil 1999). Since FSIIR is based on 
parental reports, there is the tendency that the reports provided by parents on their 
children may not reflect the QoL perception of their children. Hence, it was not used 
by the investigator in this research. 
3.5.2 Paediatrics Quality of Life Questionnaire (PedsQL) 
The paediatrics quality of life questionnaire or inventory was derived from the 
Paediatric Cancer Quality of Life inventory (PCQL) and developed for parents and 
patients with cancer and or chronic paediatric conditions (age range, 8-18 years) 
(Varni et al. 1998). The PCQL was developed as a standardised assessment 
instrument to assess systematically pediatric cancer patient's QoL outcomes (Varni 
et al. 1999). PedsQL has been used to assess the generic core and 
disease/symptom specific QoL in these patients (Varni et al. 1998). It is non-
categorical in nature i.e. can be used across all paediatric chronic health conditions. 
PedsQL measures children and their parents’ perceptions in terms of the impact of 
the disease and treatment on physical, psychological and social functioning and 
disease/treatment-specific symptoms.  
 
It consists of 23 multidimensional modules encompassing the following: 1, Physical 
functioning scale (8 items); 2, emotional functioning scale (5 items); 3, social 
functioning scale (5 items); and 4, school functioning (scale 5 items). Each module 
is answered with a 5-point Likert scale across both child and adolescent self report 
for ages 8-15 years (0 = ‘never a problem’, 1 = ‘almost never a problem’, 2 = 
‘sometimes a problem’, 3 = ‘often a problem’, 4 = ‘almost always a problem’. 
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The PedsQL is made up of two versions: The patient self-report and parent proxy-
report versions (Varni et al. 1998). Each version is made up of the child (age range, 
8-12 years) and adolescent (age range, 13-18 years) forms. PedsQL provides 
opportunity for a child to self-report the impact of disease condition on their health 
status. This questionnaire has a limitation like other QoL measures in children. It is a 
five point ranking questionnaire. Therefore, it is possible that responses of children 
on the scale might be centred mainly on the middle response.  
 
On the other hand the questionnaire has the following advantages over other QoL 
measures in children. First, it covers all the necessary domains and can be 
completed within 5-10 minutes. Secondly, PedsQL is applicable to a range of 
chronic paediatric health conditions. Additionally, it is inexpensive and easy to use. 
Moreover, the validity and responsiveness of the PedsQL 4.0 module has been 
demonstrated in paediatric rheumatology by Varni et al. (2002) to be excellent (ICC 
range = 0.8 to 0.9). In view of the advantages of PedsQL hence it was used to 
assess QoL in children in this study. 
3.6 Gait Analysis 
Gait analysis is a broad term that can refer to many different methods of evaluating 
an individual’s walking pattern (Rose et al. 1991). One of the major purposes of the 
rehabilitative process is to help patients achieve a high level of functional 
independence within the limits of their particular impairments. Human gait is one of 
the basic components of independent functioning that is commonly affected by 
either disease processes or injury.  
 
Gait analysis is a complex activity and may be used to identify the mechanisms 
causing dysfunction (Mueller et al. 1995). It can also be used for classifying the 
severity of disability, prediction of patient’s future status and for description of the 
differences between a patient’s performance and the parameters of normal gait 
(Mueller et al. 1994; Von Schroeder 1995). Additionally, gait can also be used for 
assessment of the effects of treatment interventions (Damiano et al. 1995; Selby-
Silverstein et al. 1997). 
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Gait parameters can be classified into kinematics and kinetics. Kinematics is used to 
obtain information on time and distance gait variables as well as motion patterns 
(Norkin 2001). Kinetics is used to determine the external and internal forces during 
walking (Norkin 2001). Equipment used in gait analysis may either be simple or 
complex (Norkin 2001).  
 
Although it has been suggested that abnormal joint biomechanics may be found in 
individuals with HMS due to joint laxity, this has not been investigated (section 
2.4.3). Alter biomechanics may affect the kinematic patterns of the knee joint during 
walking. Therefore, this thesis focused on kinematic gait analysis.  
3.6.1 Qualitative Gait Analysis 
Gait kinematics can be carried out qualitatively and quantitatively. The most 
common method used in the clinic is a qualitative gait analysis. This method 
requires a small amount of equipment and a minimal amount of time (Norkin 2001). 
The primary variable that is assessed in qualitative kinematic gait analysis is joint 
displacement, which includes a description of patterns of movement, deviations from 
normal body postures, and joint angles at specific points in the gait cycle. Some 
methods of qualitative assessment are described below. 
 
a) Observational Gait Analysis 
Observational gait assessment (using the naked eye or video images) is the most 
commonly used clinical method of performing kinematics qualitative analysis (Toro 
et al. 2003). It is frequently used by physiotherapists to assess a patient’s gait and it 
forms a major aspect of physiotherapy practice. Considerable training and constant 
practice are necessary to develop the skills that are needed for performing any 
observational gait analysis (Norkin 2001). 
 
Observational gait analysis requires little or no instrumentation, it is inexpensive to 
use, and yields general descriptions of gait variables (Norkin 2001). However, it is 
subjective and as a result its validity, repeatability, sensitivity, and specificity 
compared to more objective instrumented gait analysis are questionable (Eastlack et 
al. 1991). 
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b) Videotape Gait Analysis 
Video analysis is an excellent tool that can be used to supplement observational gait 
analysis. It allows the clinician more time to observe gait by reviewing the 
information repeatedly without the effect of patient fatigue (Rose et al. 1991). The 
most practical system consists of a camera-recorder (camcorder), to do the 
videotaping, and a separate VCR to replay the tapes.  
 
A videotape providing slow motion and stop-frame facilities may be used to visualise 
events that are too fast for the unaided eye. Video recording of gait has become 
popular in clinical settings (Toro et al. 2003) due to its ability to overcome some of 
the problems associated with naked eye evaluation of gait, such as the speed of 
movements and only seeing the gait cycle once. Whittle (1991) believed that it 
confers the following advantages: it reduces the number of walks a subject needs to 
do, it makes it possible to show subjects exactly how they are walking, and it makes 
it easier to teach visual gait analysis to someone else on a monitor. 
 
Visual gait analysis using videotape is a subjective method but it is easy to use. 
Also, objective data can be derived from the general gait parameters (cadence, 
stride length and velocity) (Whittle 1991). Kreb et al. (1985) demonstrated a good 
test-retest repeatability (ICC = 0.73) and moderate interrater repeatability (Pearson 
product-moment correlation = 0.6) of observational gait analysis in highly trained 
clinicians using stop-motion video recording.  
 
c) Ambulation Profiles or Scales 
The ambulation profiles and rating scales constitute gait analyses that often include 
both qualitative (such as observational) and quantitative (such as time and distance) 
measures. Profiles are used for a variety of reasons, for example they can be used 
to determine patient’s need for assistance and screening for identification of 
patient’s need for physiotherapy (Harada et al. 1995). The following are examples: 
The functional Ambulation Profile (FAP), the Iowa Level of Assistance Score, the 
Functional Independence Measure (FIM) and the Functional Independence Measure 
for Children. The advantage of some of these profiles is that subordinate gait skills 
such as standing balance may be assessed in individuals who may not be able to 
walk unassisted.  
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3.6.2 Quantitative Gait Analysis 
Quantitative kinematic gait analyses are used to obtain information on time and 
distance variables as well as motion patterns (Norkin 2001). The data obtained 
through these analyses are quantifiable and therefore provide clinicians with 
baseline data that can be used to plan treatment programmes and to assess 
progress towards or attainment of goals. Some methods are discussed below. 
  
Footswitches 
Footswitches are used to record the timing of gait and can be used to determine 
walking speed (cm/s), cadence (steps/min) and mean stride length (cm) (Whittle 
1991). Footswitches are most conveniently used with shoes, although suitably 
designed ones may be taped directly beneath the foot. Small switches may also be 
mounted in an insole, and worn inside the shoe. Assessment with footswitches is 
quick and easy to administer. It is safe and non threatening even to persons with 
severe gait disabilities (Whittle 1991). Also, it can be used to assess large numbers 
of patients while providing measurements of mean walking speed, cadence, and 
stride length (Fransen et al. 1997). Additionally, only a few trials are needed to 
achieve good measures with footswitches.  
 
On the other hand, footswitches may be exposed to very high forces, which may 
cause problems with repeatability of data collected. Fast walking speed provided 
greater test-retest repeatability measurements than did gait at a normal self-selected 
walking speed (Fransen et al. 1997). However, repeatability increased markedly 
from the first intersession analysis to the second. Thus, footswitches may not be 
responsive to change at normal walking speed.  
 
Electrogoniometer (ELGON) 
An electrogoniometer (ELGON) is a device for measuring joint angles during 
walking. The output of an electrogoniometer is usually plotted as a chart of joint 
angle against time. However, if measurements have been made from two joints, the 
data may be plotted as an angle/angle diagram.  
 
An ELGON system has the advantage of being relatively inexpensive and it provides 
immediate feedback (Chao et al. 1983). An ELGON system was successfully used 
for repeated measurements of the gait cycles of children with cerebral palsy, in a 
study into the effect of electrical stimulation on the lower limb kinematics in these 
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children (Hazlewood et al. 1995). The limitations of ELGON systems include that 
they are difficult to align properly on the joint. The attachment mechanisms of the 
ELGON can encumber the subject and affect the movement pattern (Chao et al. 
1983). Given these limitations an ELGON was not used for gait analysis in the 
present study. 
 
VICON Camera System 
Quantitative gait analysis using a computer-aided motion analysis system such as 
(VICON) is commonly being used as a valuable tool in clinical and research settings 
for quantitative kinematics data collection (Kadaba et al. 1989; Gorton et al. 1997; 
Stansfield et al. 2001; Schache et al. 2002; Orendurff et al. 2002; Thambyah et al. 
2004). It is made up of infrared cameras located around a walkway. The cameras 
are connected to a computer that is used for data capture during walking. The 
VICON system is used with lightweight reflective markers, which are usually 
attached to specific bony landmarks. Data from it can be processed using 
appropriate software.  
 
The VICON system is expensive and requires training as it may be associated with 
error in reflective marker placement that can result in significant skin movement. 
However, data from the VICON system can be useful as it can provide information 
on many joints at the same time. Additionally, the problem of having subjects to walk 
many times on a walkway when using visual estimation is not associated with 
VICON system because captured data can be reviewed by the clinician during the 
the process of data analysis. Furthermore, both within-day and between-days test-
retest repeatability of sagittal knee motion were found to be excellent in healthy 
adults (Coefficient of multiple correlation range = 0.994 + 0.05, 0.990 + 0.009 by 
Kadaba et al. (1989)). In comparison with other methods of gait analysis the VICON 
system has some disadvantages as stated above. However, this is the first time that 
quantitative gait analysis is being investigated in children with HMS, and due the 
availability of the system, it was used in the present study.  
 
 
 
 
 83 
 
3.7 Conclusion 
In conclusion, it is clear that there are a wide range of qualitative and quantitative 
methods of assessing GJL. At present there is no universally accepted ‘gold 
standard’ for defining both GJL and HMS. The Beighton and Brighton criteria are the 
most frequently used in both clinical and research settings for diagnosing HMS.  
 
Furthermore, the diagnostic tools currently used for diagnosing HMS only consider 
the ROM and pain at some joints, and fail to consider other possible symptoms that 
may be associated with this condition. Therefore, this provides a rationale for a 
cross-sectional study to identify a range of factors that may be associated with HMS 
in children. Consequently, this research will determine the neuromuscular 
performance, functional ROM and QoL characteristics of children diagnosed with 
HMS. 
 
Because impaired joint proprioception has been identified as a key factor that may 
be associated with HMS, the next chapter discusses issues relating this outcome. 
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CHAPTER 4 : JOINT PROPRIOCEPTION 
4.1 Introduction 
In section 2.5, it was stated that impaired joint proprioception may be associated 
with HMS. This chapter describes the neurophysiology of proprioception and the 
influence of age, gender and joint laxity on proprioception. Additionally, the problems 
in clinical assessment and methods of assessing joint proprioception in clinical 
research are discussed.  
 
Proprioception was introduced by Sherrington (1906) as the ability to sense the 
position and movements of limb segments. This term accommodates all senses 
other than pain and temperature derived from the muscles and their accessory 
organs. Since proprioception was introduced by Sherington, many definitions have 
evolved as summarised in Table 4.1. Barrack et al. (1983a) used the term joint 
position sense (JPS) to describe proprioception as the threshold of detection of 
passive motion and ability to reproduce angles to which it was passively placed. 
Their definition of JPS was a combination of joint kinaesthesia (JK) and JPS as 
defined by Ludon (2000) and Grob et al. (2002).  
 
The terms ‘proprioception’, ‘kinaesthesia’ and ‘joint position sense’ are often used 
interchangeably (Gilman 2002; Reimann and Lephart 2002) without full regard to the 
different meanings. There is lack of agreement in the use of the terms JK and JPS. 
Joint position and kinaesthetic senses are components of the proprioceptive senses. 
In this thesis, JPS refers to the ability of a subject to reproduce an angle at which a 
joint had previously been placed (Corrigan et al. 1992). JK is the ability of a subject 
to perceive movement when the angle of the joint is altered slowly (Corrigan et al. 
1992). 
 
To avoid confusion in terms of the meaning of ‘joint proprioception’, therefore, in this 
thesis, joint proprioception refers to a combination of joint kinaesthetic and position 
senses.  
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Table 4.1: Summary of the definitions of joint proprioception  
Author Term used    Definitions         
Sherington (1906) Proprioception Ability to sense the position and movements of limb segments relative to one another 
Barrack et al. (1983a) JPS Threshold of detection of slow, constant passive motion and ability to reproduce angles 
to a joint which was passively placed 
Corrigan et al. (1992) JK Ability of a subject to perceive movement when the angle of the joint is altered slowly 
Kalaska (1994) Proprioception Conscious awareness of limb movement and position 
MacDonald et al.  (1996) Proprioception Sensory afferent-feedback mechanism  
Voight et al. (1996) Proprioception Cumulative neural input to the central nervous system from specialised nervous endings 
called mechanoreceptors 
Borsa et al. (1997) Proprioception A specialised variation of the sensory modality of touch and encompasses the 
neurosensibility of joint motion and position 
Lattanzio et al. (1997) Proprioception The inborn kinaesthetic awareness of body posture including movement, tension and 
change equilibrium 
Fermerey et al. (2000) Proprioception Sensory information about kinaesthesia and joint position  
Gurney et al. (2000) Proprioception Awareness of posture, movement and changes in equilibrium and the knowledge of 
position, weight and resistance of objects in relation to the body 
Ludon (2000) JPS Ability to sense joint in space 
Pincvero et al. (2000) Proprioception Conscious awareness of limb position and movement 
Tsang and Hui-Chan (2003) Proprioception Detection of limb position and movement in absence of vision 
 
JK = Joint kinaesthesia; JPS = Joint position sense  
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4.2 Neurophysiology of Joint Proprioception 
Mechanoreceptors are responsible for proprioception. According to Grigg (1994) 
mechanoreceptors are specialised sensory receptors that transduce the mechanical 
events occurring in their host tissues into neural signals. They also help in reflex 
regulation of all types of muscular contraction, coordinate movement and posture, 
balance and the reflex muscular defence of joints against potentially harmful 
mechanical forces (Evarts 1981).  
 
Stillman (2000) believed that the proprioceptive system serves the following 
functions: 
1. Reflexly contributes to coordinate posture and movement. 
2. Reflexly contributes to protection of joints against potentially harmful mechanical 
forces.  
3. Collects senses other than pain and temperature which may be experienced 
within the musculoskeletal system. 
4. Modulates the influence of one afferent signal on another. For example, in the 
gate control theory of pain, part of the proprioceptive input into the spinal cord, 
acting via inhibitory interneurones, may diminish pain. 
Proprioception and Sensory Interaction  
It is acknowledged that all skeletal motor activities involve some central processing 
of proprioceptive afferent information (Gilman 2002; Reimann and Lephart 2002). 
Stillman (2000) stated that rapid movements are least dependent on proprioception. 
In slower movements the rapidly conducting large diameter proprioceptive afferents 
provide the central processing centres, especially the cerebellum, with information 
for the purpose of monitoring and processing the on-going movement. 
 
Flament et al. (1996) observed that the cerebellum, aided by the prefrontal cerebral 
cortex is involved during the learning of new skills. Patients with cerebellar disorders 
were demonstrated by Cody et al. (1993) to be less proficient than a group of control 
subjects who attempted to replicate a computer-generated saw-tooth movement 
pattern using wrist flexion-extension. In these patients, Cody et al. (1993) reported 
that movement control was further disturbed when observation of the movement 
was briefly interrupted. Therefore, the cerebellum may be involved in central 
processing of proprioception. 
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The word ‘joint’ in JK and JPS should not be interpreted as meaning that the 
receptors responsible for these sensations are located entirely in the joints. Most of 
the receptors are likely to reside outside the joint, particularly in the surrounding 
muscles (Grigg 1994; Gilman 2002; Reimann and Lephart 2002). The types and 
locations of these receptors are discussed below. 
4.3.2 Joint Proprioceptors 
Sensory receptors responsible for joint proprioception are located in the surrounding 
muscles, articular capsule and skin. Muscular receptors consist of muscle spindles, 
Golgi tendon organs, corpuscular receptors and free nerve endings. Articular 
cartilage has no nerve endings. Synovial tissue lining the joint cavity contains only 
free nerve endings, and all other joint tissues. The synovial sheaths surrounding 
tendons and ligaments contain both free nerve endings and corpuscular receptors. 
Approximately 80% of articular receptors are free nerve endings (Heppelmann et al. 
1988). Free nerve endings in the joint are mostly highly threshold mechano-
nocicepors or polymodal nociceptors. The cutaneous receptors are made up of 
merkel discs, ruffini endings, meissner corpuscles, lamellated corpuscles, hair 
follicles and free nerve endings (Gilman 2002). A majority of cutaneous receptors 
are free nerve endings (and hair follicle receptors in hairy skin). Detailed accounts of 
the proprioceptors are provided by Barrack and Skinner (1990), Grigg (1996), 
Hogervorst and Brand (1998), Stillman (2000) Tortora and Grabowskwi (2003), 
Lindsay et al. (2004) and Snell (2006). A summary of joint proprioceptors and their 
location is provided Table 4.2. 
4.3.2.1 Adaptability of proprioceptors 
One of the characteristics of most proprioceptors is adaptation (Tortora and 
Grabowskwi 2003). This is a decrease in amplitude of a receptor potential during a 
maintained, constant stimulus. Adaptation results in a decrease in the frequency of 
nerve impulses in the first-order neuron during a prolong stimulus. As a result of 
adaptation, the perception of a sensation may fade or disappear even though the 
stimulus persists. Proprioceptors have different adaptive properties based on their 
response to a continuous stimulus (Lephart et al. 1992; Tortora and Grabowskwi 
2003; Snell 2006). Rapidly adapting proprioceptors adapt very quickly to the onset 
of a continuous stimulus (Lephart et al. 1992). Examples of these are Pacinian 
corpuscles, Meissener corpuscles and lamellated corpuscles. On the other hand the 
slowly adapting proprioceptors such as Ruffini endings and Golgi tendon organ 
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adapt slowly and continue to trigger nerve impulses as long as the stimulus persists. 
The summary of the adaptability of joint proprioceptors is illustrated in Table 4.2. It is 
acknowledged that the information provided on the classification and characteristics 
of the joint receptors were obtained from textbooks (Tortora and Grabowskwi 2003; 
Snell 2006) as access to the original work where they were first reported was 
beyond the scope of the present study. Therefore, this information should be treated 
with caution as it might not have been interpreted correctly in the textbooks.  
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Table 4.2: Summary of joint proprioceptors and their location  
Author(s) Receptors Location Adaptability 
Burke et al. (1993); van Willigen et al. (1993); Wilson 
et al. (1997); Stillman (2002); Snell (2006) 
Muscle spindles Bellies of most skeletal muscles Slow, but the primary 
endings are also 
partly rapidly adapting 
McCloskey (1987); Jamie et al. (1992); Bergenheim et 
al. (1996); Lephart and Reimann (2002) 
Golgi tendon organs Musculotendinous junctions, 
muscle bellies  and tendons 
Slow 
Snell (2006) Pacinian Corpuscles Dermis, ligaments, joint 
capsules 
Rapid 
Lindsay et al. (2004); Snell (2006) Meissener corpuscles Dermal papillae of hairless skin Rapid 
Gilman (2002); Lindsay et al. (2004); Snell (2006) Lamellated corpuscles Deep in the dermis of hairless 
skin, joints 
Rapid 
Grigg (1996);  Ochoa and Torebjork (1989); Schmidt 
(1996); Schaible and Schmidt (1996); Lobbenhoffer et 
al. (1996); Mense (1996); (Vallbo et al. 1999) 
Free nerve endings Epidermis and dermis of hairy 
and hairless skin, muscle 
bellies, tendons, joints, 
ligaments and connective 
tissues 
Slow and rapid  
Halata et al. (1985); Burke et al. (1988); Lephart et al. 
1992); Snell (2006) 
Ruffini endings Dermis of hairy skin Slow 
Stillman (2000); Tortora and Grabowskwi (2003); 
Snell (2006) 
Merkel discs Epidermis of hairy and hairless 
skin 
Slow 
Stillman (2000); Snell (2006) Hair follicle Receptors Hairy skin Rapid 
4.3.2.2 Sensation and functions of proprioceptors 
Proprioceptors help to convert mechanical deformation into a frequency-modulated 
neural signal that is transmitted via cortical and reflex pathways. These are 
responsible for signalling changes in a stimulus such as pressure or touch. 
 
(a) Muscle spindles  
Muscle spindles are mechanoreceptors that sense how far and how fast a muscle 
lengthens (Maier 1997). It has been suggested that when resistance is added to a 
contracting muscle, it results in an increased fusimotor discharge onto that muscle 
(Macefield et al. 1993). Voluntary isometric contractions of the tibialis anterior 
muscle at less than 3.2% of maximum were found to produce a response from 24 
(92.3%) of 26 examined afferents in 90% of instances (Wilson et al. 1997). The peak 
spindle afferent discharge occurred shortly after the onset of muscle contraction 
(Burke and Gandevia 1993). Muscle spindle responses were observed during low 
intensity isometric contractions by Wilson et al. (1999) in the spastic hand muscles 
of stroke patients. 
 
Based on the above information on muscle spindle, it seems that muscle spindles 
actively contribute to proprioception during isometric muscle contraction, even when 
this is weak. 
 
(b) Golgi Tendon Organs (GTOs) 
GTOs function mainly to signal active muscle tension (during muscle contraction) 
rather than passive tension (during passive stretching) (Jami 1992). Their response 
to brief or sustained muscle stretch is largely insignificant because their threshold is 
very high (Jami 1992; Stillman 2000). It is believed that GTO contributes towards the 
greater proprioceptive acuity associated with active as compared to passive JPS 
tests (Colebatch and McCloskey 1987). According to Bergenheim et al. (1996), 
sensing of active versus passive muscle stretch depends on the different 
sensitivities of the muscle spindles and GTO stretch receptors. Therefore, it seems 
likely that they have the capacity to respond to the same stimulus. 
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GTO’s may also contribute to the senses of force and effort that accompany 
voluntary and, particularly, resisted muscle contractions (Gandevia and Burke 
1992). This may help to enhance the perception of active JPS as compared to 
passive JPS. From the above it can therefore be assumed that afferent information 
from GTOs contributes to JPS senses when muscles surrounding the joint are 
active. This may be limited under passive muscle tension condition. 
 
(c) Corpuscular Receptors  
Lamellated corpuscles sense vibration and pressure changes, but not constant 
pressure (Tortora and Grabowskwi 2003; Lindsay et al. (2004). Grigg et al. (1982) 
suggested that lamellated corpuscles detect external joint compression and 
increased intra-articular pressure. It seems that these receptors might also sense 
the most dynamic aspects of joint movements. Pacinian corpuscles are responsible 
for detecting vibration (Gilman 2000; Tortora and Grabowskwi 2003; Lindsay et al. 
2004). Meissener corpuscles detect pressure, fine touch and slow vibration (Snell 
2006). They are also responsible for texture and movement of held objects (Stillman 
2002). Meissener corpuscles in the skin surrounding finger joints are believed to be 
sensitive to joint movements but not postures (Lindsay et al. 2004). 
 
(d) Free Nerve Endings 
Mense (1996) reported that about 40% of free nerve endings are non-nociceptive 
pressure and contraction receptors. 40% are mechanical, chemical and/or thermal 
nociceptors, while 20% are non-nociceptive temperature receptors. Most articular 
free nerve endings are noxious and non-noxious pressure and movement sensors 
(Schaible and Schmidt 1996). The remainder are chemonociceptors. Most 
mechanoreceptive free nerve endings in normal joints are only stimulated by 
extreme joint movements and are probably not normally significant sources of 
proprioception (Schmidt 1996). However, like muscular free nerve endings when 
there is inflammation, a large proportion of the free nerve endings are sensitised by 
chemical substances produced during the inflammatory process (Grigg 1996; 
Stillman 2000). Consequently, this may result in impaired joint proprioception. 
 
Afferent free nerve endings in the skin are touch and pressure receptors (Vallbo et 
al. 1999). Free nerve endings are high threshold nociceptors responding to 
mechanical, thermal or chemical stimulation, non-nociceptive cold and warmth 
endings. When single nociceptive afferents are stimulated, a sense of sharp, 
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stinging, pricking, burning or dull pain is evoked depending on the type of afferent 
and stimulus frequency (Ochoa and Torebjork 1989). Cutaneous free nerve endings 
are unlikely to play a part in JPS (Grigg 1996). 
 
(e) Ruffini Endings  
Ruffini endings facilitate transmission of capsular stretch to the receptors (Halata et 
al. 1985). They are responsive to static and dynamic tension applied in all directions 
within the plane of the structures in which they reside (Grigg 1996). The adapting 
endings in the posterior capsule of cat knees respond to increased intra-articular 
pressure (Ferrell 1987) and the posterior capsules of cats’ hip respond to 
mechanical vibration (Aloisi et al. 1988). It has also been reported that a proportion 
of Ruffini endings in cats’ knees have a spontaneous resting discharge (Ferrell 
1980).  
 
A study of the knee (Krauspe et al. 1992) confirmed that Ruffini endings discharge 
maximally at the extremes of joint movement. They are also active within the joint's 
midrange. Midrange articular afferent activity has been reported in the knee of cats, 
primates and dogs (Nade et al. 1987). The Ruffini endings located in skin can sense 
deep touch, pressure and the weight of static or moving objects held in the hand or 
placed elsewhere on the body. Receptors in the hairy skin on the back of the hand 
respond throughout the entire physiological range of finger movement. Ruffini 
endings in the skin over the dorsum of the wrist respond to metacarpophalangeal 
joint movements (Edin and Abbs 1991). They also play a significant part in 
proprioceptive acuity of the finger. However, because of the specialised function and 
innervation of the human hand, it may be difficult to assume that skin receptors have 
a similar proprioceptive role at the knee joint. Indirect evidence for a proprioceptive 
skin stretch mechanism operating outside the hand is provided in a study by Cohen 
et al. (1994). 
 
Thus, it appears that the discharge frequency of the active receptors at each 
position throughout a joint's physiological range of movement is used by the sensory 
cerebral cortex when determining each joint position or each phase of a joint 
movement (Clark and Horch 1986). Based on the above findings, it is likely that 
articular Ruffini endings play some roles in joint position, movements and intra- and 
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extra-articular pressure. The Ruffini endings in the skin may also be responsible for 
joint proprioception. 
 
(f) Merkel Discs  
Merkel discs respond to pressure stimulation and help to define the shape of objects 
held in the hand.  
 
(g) Hair Follicle Receptors 
Hair follicle receptors sense light touch and air movements across the skin. 
Consequently, they are unlikely to contribute to JPS and JK senses. 
 
In conclusion, proprioceptors responsible for joint proprioception are located not only 
in the joint but in the surrounding muscles, articular capsule and skin. In addition, 
proprioceptors have different adaptive properties which could be rapid or slow. From 
the review of literature, it is seems that JK is mediated by rapidly adapting 
proprioceptors such as the Pacinian corpuscles and lamellated corpuscles (Lephart 
et al. 1992; Stillman 2002). The slowly adapting proprioceptors such as the Ruffini 
endings and Golgi tendon organs appear to be responsible for JPS. However, since 
the some of the receptors are partly slowly adapting and partly rapidly adapting. This 
suggests that there is an overlap in the proprioceptors responsible for JK and JPS, 
and these outcomes (JK and JPS) may be affected equally in patients (Stillman 
2002). 
4.3 Central Pathways of Joint Proprioception  
Impulses from mechanoreceptors are conducted to the central nervous system 
(CNS) via nerve fibres (Barrack and Munn 2000; Gilman 2002; Reimann and 
Lephart 2002; Snell 2006). The integration of sensory input received from any part 
of the body is believed to start at the level of the spinal cord (Riemann and Lephart 
2002; Snell 2006). The sensory inputs enter the spinal cord predominantly via the 
dorsal roots (Barrack and Munn 2000) and are divided into medial and lateral 
divisions. The large diameter (≥ 6 µm) medial division fibres serve pressure, 
discriminating touch, vibration and the other proprioceptive senses. The smaller 
diameter lateral division fibres serve the senses of pain, temperature, touch and 
pressure. The posterior column pathway primarily responsible for joint 
proprioception is illustrated in Figure 4.1. 
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The main ascending pathways for proprioception in the spinal cord are the 
fasciculus cuneatus and the spinomedullary tract. They serve the upper and lower 
limbs, respectively. Fasciculus cuneatus fibres ascend ipsilaterally in the dorsal 
white column to reach the cuneate nucleus in the medulla. About 15% of these 
fibres are second order neurones from the nucleus proprius (Rexed laminae IV – VI) 
in the dorsal grey column. Spinomedullary tract fibres also ascend ipsilaterally but in 
the posterolateral white column to the Z nucleus in the medulla. All these fibres are 
second order neurones from the dorsal nucleus in the intermediate grey column. 
  
Figure 4.1: Posterior column pathway primarily responsible for joint 
proprioception (Reproduced with permission from Barrack and Munn 2000) 
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The fasciculus gracilis, which ascends in the posterior white column adjacent to the 
fasciculus cuneatus, was originally considered to provide proprioception in the lower 
limbs. However, the current view is that almost all the proprioceptive information, 
which initially enters this tract, leaves it again below L2 to enter the spinomedullary 
tract via a relay through the dorsal nucleus (Barrack and Munn 2000). The 
fasciculus gracilis almost exclusively transmits the neural substrate for 
topographically-localised pressure, vibration and discriminative touch sensations 
derived mainly from the rapidly adapting skin receptors (Schneider 1990). 
 
The second or third order neurones from the cuneate and Z nuclei cross the midline 
before ascending as the medial lemniscus to the ventroposterior thalamic nucleus. 
The final order of ascending neurones passes to the sensory regions of the cerebral 
cortex via the internal capsule. The spinomedullary and cuneate tracts also submit 
fibres to the cerebellum. The principal ascending pathways for transmission of 
unconscious proprioceptive and exteroceptive information are the dorsal and ventral 
spinocerebellar tracts. Second order neurones from the nucleus proprius pass to the 
dorsal nucleus, which in turn supplies third order neurones ipsilaterally into the 
dorsal spinocerebellar tract, and contralaterally into the ventral spinocerebellar tract. 
These spinocerebellar tracts then ascend in the periphery of the posterolateral and 
anterolateral white matter, respectively. The ventral tract initially crosses the midline 
before ascending in the opposite side of the spinal cord, these same fibres again 
cross the midline after entering the cerebellum; hence both spinocerebellar tracts 
are functionally ipsilateral. 
 
The proprioceptive pathways and their destinations are provided in more detail by 
Barrack and Munn (2000), Stillman (2000), Riemann and Lephart (2002), Tortora 
and Grabowski (2003) and Snell (2006). 
 
Peripheral receptors are not the only source of proprioception. During voluntary 
muscle contractions, there is an accompanying corollary discharge from the 
corticospinal pathways. The precise site of the corollary discharge pathway is 
uncertain. During voluntary activities, a replica of the signal from the corticospinal 
tract to the muscles is transmitted to the sensory regions of the cerebral cortex 
(Proske et al. 2000). By comparing the corollary discharge with the proprioceptive 
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afferent feedback from the periphery, the sensory cortex may gain a more specific 
impression of what is happening peripherally. 
 
Thus, the cortical identification of joint positions during assessment of active JPS 
may involve interpretation of muscle force, effort and limb segment weight in 
addition to the information about muscle length and other tissue tensions. Therefore, 
it appears that the mechanisms for determining JK and JPS when the surrounding 
muscles are voluntarily or reflexively activated are fundamentally different from 
those where the muscles are relaxed (Selfe et al 2006).  
 
In conclusion, it is evident that proprioception has different meanings. In this thesis 
joint proprioception is a combination of JK and JPS. It also seems that the 
proprioception system involves a complex interaction between peripheral and 
central neural neuromusculoskeletal mechanisms. Furthermore, sensory receptors 
that are responsible for JK and JPS are not only located in the joint but other 
sounding structures such as muscles, tendons and skin.  
 
It seems likely that sensory inputs from the surrounding muscles can be minimised 
when the muscles involved are relaxed. HMS is associated with ligamentous laxity 
in conjunction with joint or muscle pain and impaired muscle contraction may be 
found in individuals with this condition. Therefore, for proprioceptive acuity 
emanating from the knee joint and the surrounding ligaments to be tested in this 
study, it was important for the sensory inputs to JK and or JPS from muscles and 
tendons, visual, and auditory to be minimised. Hence, sensory input into JK or JPS 
senses from these structures and senses, with the exception of the knee joint 
structure, of healthy children and those diagnosed with HMS was minimised. 
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4.4 Factors Affecting Joint Proprioception 
4.4.1 Background 
The ability of individuals to sense joint position and motion is affected by factors 
such as age (Barrack et al. 1983b), gender (Rozzi et al. 1999), joint laxity (Blassier 
et al. 2000), muscle fatigue (Skinner et al. 1986; Gurney et al. 2000)  and pain 
(Baker 2002; Matre et al. 2002). If normative data are to be used to determine 
whether joint proprioception is impaired in an individual, consideration must be given 
to these factors. Parts of the aims of the present study are to identify the 
neuromuscular performance characteristics in children with HMS and the effect of 
age and gender on these characteristics in healthy children. Therefore, this section 
discusses the effect of age, gender and joint laxity. 
4.4.2 Effect of Age 
Studies correlating age with proprioception have found a continuous decline in JK 
(Barrack et al. 1983b; Skinner et al. 1984) and JPS (Barrack et al. 1983b; Skinner et 
al. 1984; Barrett et al. 1991) with increasing age. JPS in the articular diseased knee 
(Barrack et al. 1983b) and normal knee (Hurley et al. 1998) joints have shown a 
decline in proprioceptive acuity with aging in adults. Due to a paucity of studies 
specific to children, previous studies that have investigated age-related changes in 
joint proprioception in both adults and children are summarised in Table 4.3. 
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Table 4.3: Summary of studies that have investigated the effect of age on joint 
proprioception in adults and children  
Authors Joint tested and  
population 
Method 
used 
Results 
Barrack et al. 
(1983b) 
Knee. 11 healthy subjects 
(mean age 24.9 years) 11 
healthy subjects (mean 
age 63 years) 
JK 
 
Passive JPS 
The young subjects had 
significantly better 
proprioceptive accuracy 
than the older subjects 
following both types of 
assessment (p < 0.01). 
Skinner et al. 
(1984) 
Knee. 29 healthy subjects 
(age range 20 – 82 
years).  
JK and JPS 
 
A significant linear 
regression between test 
results and age was 
obtained following both 
types of test (r2 = 0.33, p 
< 0.001).  
Crowe et al. 
(1987)  
Index finger. 11 healthy 
adults (mean age 21.9 
yrs), 24 healthy children 
(mean age 10.3 yrs). 
Active 
fingertip 
positioning-
matching 
Children were 
significantly less accurate 
than the adults (r and p 
values not reported). 
Hearn et al. 
(1989)  
Index finger. 134 healthy 
subjects (age range 8 – 
24 years). 
Active 
fingertip 
positioning-
matching 
Proprioceptive accuracy 
increased significantly 
with age (r and p values 
not reported). 
Barrett et al. 
(1991)  
Knee. 81 healthy 
subjects and 45 subjects 
with OA of the knee and 
21 patients who had 
knee replacement 
surgery. Ages not 
reported 
Passive JPS Poorer performance (p < 
0.01, linear regression 
analysis) observed in 
older compared with 
younger subjects. 
Ashton-Miller et 
al. (1992) 
Trunk. 253 healthy 
children (age range 7 – 
18 yrs) 
Active JPS  Trunk positioning 
accuracy improved 
significantly with age (p = 
<0.001). 
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Table 4.3 (Continued): Summary of studies that have investigated the effect of 
age on joint proprioception in adults and children. 
Authors Joint tested and  
population 
Method 
used 
Results 
Petrella et al. 
(1997) 
Knee. 16 subjects with 
OA of the knee
19 – 27 years, 12 active 
and 12 inactive subjects
60 – 86 years. 
Active 
weight-
bearing tests 
with active 
ipsilateral 
matching 
responses.  
Significantly better JPS 
was found in the younger 
subjects than the older 
ones, and in the active 
than inactive subjects (p 
< 0.03). 
Hurley et al. 
(1998) 
Knee. 45 healthy adults 
(age range 21 – 82yrs)  
Active JPS JPS was worse (p < 
0.001) in the elderly 
subjects than young and 
middle-aged subjects. 
JPS acuity decreased as 
increased (r = 0.603; p < 
0.001). 
Jerosch (2000) Shoulder. Elite tennis 
players (age range 8 – 
16 years)  
JPS Subjects older than 12 
years had a tendency for 
better JPS compared to 
younger subjects. 
Goble et al. 
(2005) 
Forearm. 19 children 
(mean age 9.3 yrs), 9 
adolescents (mean age 
17.6 yrs)  
Passive JPS  Adolescents were 
significantly better than 
children (p < 0.001). 
JK = joint kinaesthesia; JPS = joint position sense; OA = osteoarthritis. 
 
It can be seen that reduced proprioception was found with advancing age in adults. 
In contrast to the findings on joint proprioception in adults, a significant increase in 
JPS acuity with increasing age has been reported in children (Crowe et al. 1987; 
Hearn et al. 1989; Jerosch 2000; Goble et al. 2005).  It can be seen from Table 4.3 
that the joints examined in adults were different from those investigated in children. 
Whilst the knee joint has been studied in adults, spinal, forearm and shoulder joints 
were studied in children. This could have accounted for the contrasting results 
obtained between children and adults. Moreover, the validity and repeatability of the 
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testing instruments used for proprioception assessment in children were not 
reported as a result the observed findings may not represent the overall 
proprioceptive ability in children.  
 
In summary, it seems likely that joint proprioception decreases with increase in age 
in adults and increases with increasing age in children. Most researchers 
investigating age-related changes in joint proprioception have focused on normal 
adult knees and adults with diseased knees. To date no study was found reporting 
the pattern of knee proprioception in children. Therefore, to establish a database on 
the effect of age on knee joint proprioception in children the present investigator 
examined this phenomenon in healthy children.  
4.4.3  Influence of Gender 
The matter of gender-related differences in proprioceptive acuity has mainly been 
driven by relatively higher rates of knee injuries in female athletes than in their male 
counterparts. Researchers have hypothesised that reduced proprioceptive acuity is 
a potential factor predisposing to sports injuries (Rozzi et al. 1999). Better 
proprioceptive acuity has been reported in men compared with women (Rozzi et al. 
1999). At the moment, conclusive evidence has not been reached as regards this 
issue, as little research has addressed gender-specific patterns of sensation or 
afferent neural transmission. Accounts of possible gender differences in JK and JPS 
are discussed below. 
 
Friden et al. (1996) found no differences in knee JK and active JPS between healthy 
men and women. Similarly, Birmingham et al. (1998) were unable to detect a 
gender-dependent pattern in JPS. They examined the ability of subjects to actively 
and passively replicate previously positioned knee joint angles in weight-bearing and 
nonweight-bearing conditions, with no difference between men and women 
(Birmingham et al. 1998). Furthermore, Kiefer et al. (1998) observed no gender 
difference during active knee JPS between men and women (p > 0.05). 
 
On the other hand, Rozzi et al. (1999) observed that knee joint kinaesthesia was 
significantly better in men athletes than the women at a starting position of 150 of 
knee flexion while moving into extension (p = 0.039). However, no significant 
difference was observed in knee joint kinaesthesia while moving into flexion (p = 
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0.155). It is difficult to draw a definite conclusion from the evidence presented 
above. Therefore, future studies are required to clarify gender differences in knee 
joint proprioception in both children and adults. 
4.4.4 Joint Laxity and Proprioception 
Unequal distribution of joint loads may cause the articular surface to deteriorate, 
reduce joint space height and alter the balance of tension on the surrounding soft 
tissues (Swanik et al. 2000). Deficit in proprioception has been reported in subjects 
with knee joint laxity (Barrack et al. 1983a) and anterior cruciate deficient knees 
(Borsa et al. 1997; Beynnon et al. 1999; Robert et al. 2004).  
 
JPS in knees with chronic ACL tears has been demonstrated to be impaired when 
compared to the contralateral uninjured knee (Barrett 1991; Corrigan et al. 1992). 
Altered knee joint kinaesthesia was also demonstrated in subjects with chronic ACL 
tears (Corrigan et al. 1992). Additionally, a significant deficit in angular reproduction 
at the proximal interphalangeal joint (Mallik et al. 1995) and knee JK (Hall et al. 
1995) was demonstrated in patients with HMS compared to aged-matched controls. 
A summary of studies that examined the effect of joint laxity on proprioception is 
illustrated in Table 4.4.  
  
All the authors except for Stillman et al. (2002) demonstrated impairment in joint 
proprioception in subjects with joint laxity compared with controls.  
 
The reason for the opposing results by Stillman et al. (2002) may be that active JPS 
was examined in their study.  
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Table 4.4: Summary of Studies Investigating the Effect of Joint Laxity on 
Proprioception  
Authors Joint tested and  
population 
Method(s) 
used 
Results 
Barrack et al. 
(1983a) 
Knee. 12 ballet dancers 
(mean age 25 yrs), 12 
healthy controls 
(mean age 24 yrs) 
Passive 
JPS 
Ballet dancers with GJL 
were significantly worse 
than controls in their ability 
to reproduce angles (p = 
0.03) 
Corrigan et al. 
(1992) 
Knee. 37 subjects (20 
subjects with torn ACL, 
mean age = 30 yrs; 17 
healthy controls, mean 
age = 28 yrs). 
JK 
Active JPS 
Diminished JPS and JK in 
the injured ACL deficient 
knees compared with the 
control group (p values not 
reported). 
Blassier et al. 
(1994) 
Shoulder. 29 healthy 
subjects (age range 20 - 
40 yrs) 
JK Subjects with joint laxity 
had significantly worse JK 
than those without joint 
laxity (p < 0.002) 
Mallik et al. 
(1994) 
Proximal interphalangeal 
joint. 12 women with  
HMS (mean age 29 yrs) , 
12 healthy women (mean 
age 29 yrs) 
Passive 
JPS 
HMS patients were 
significantly less accurate 
than the control group (p < 
0.0001) 
Hall et al. (1995) Knee. 10 women with 
HMS (mean age 30 yrs) 
JK JK was significantly worse 
in HMS patients than the 
control (p <  0.001 at both 
angles starting angles of 5 
and 30 degrees) 
MacDonald et al. 
(1996) 
Knee. 8 subjects, 10 
patients with PCL 
deficient knees (mean 
age 34 yrs),  
JK JK was statistically better 
in contralateral control 
knees than the PCL 
deficient knees (p = 
0.0286) 
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Table 4.4 (Continued): Summary of Studies Investigating the Effect of Joint 
Laxity on Proprioception 
Authors Joint tested and  
population 
Method(s) 
used 
Results 
Borsa et al. 
(1997) 
Knee. 29 ACL deficient 
athletes (mean age 28.7 
yrs) 
JK Deficit in threshold to 
detection was statistically 
significant for ACL 
deficient knee compared 
with control at 15 degrees 
(p = 0.01) 
Beynnon et al. 
(1999) 
Knees. 20 patients with 
ACL deficient knees 
(mean age 40 yrs) 
JK Threshold to detection was 
worse in patients with 
chronic ACL insufficiency 
compared with uninjured 
knees (P = 0.011) 
Stillman et al. 
(2002) 
Knee. 44 active healthy 
subjects (mean age 21.1 
yrs) 
Active JPS JPS was statistically better 
in subjects with greater 
knee mobility than those 
with less knee mobility 
(AAE p= 0.03, AEV p = 
0.03). No significant 
difference between RAE (p 
= 0.93). 
Roberts et al. 
(2004) 
Knee. 54 patients with 
ACL deficient knees 
(mean age 28 yrs) 
JK Statistically higher 
threshold to detection 
values was found with 
increased joint laxity (p = 
0.04)  
 
JPS = joint position sense; JK = joint kinaesthesia; AAE = absolute angular error; 
AEV = angular error of variation; RAE = relative angular error; ACL = anterior 
cruciate ligament; GJL = generalised joint laxity 
 
Active JPS testing involves both motor and sensory receptors (Barrett et al. 1991), 
therefore, proprioceptive contribution from muscles acting on the knee joint could 
have influenced the findings. Additionally, the participants in the study by Stillman et 
al. (2002) had a history of regular sport spanning more than 5 years. It was not 
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stated if participants with greater knee mobility engaged in sports more than those 
with less knee mobility. It has been reported that proprioception is enhanced by 
exercise training (Petrella et al. 1997; Ashton-Miller et al. 2001; Roberts et al. 2004). 
Therefore, it is unknown whether the better proprioceptive acuity found in 
participants with greater knee mobility was as a result of the level of activity. 
 
This section has demonstrated that impaired joint proprioception may be associated 
with joint laxity. It is also clear that joint proprioception has been studied in adults 
with both joint laxity and HMS. The findings of these investigations (Table 4.4) may 
not however be transferable to children with joint laxity and HMS. Therefore, further 
work is required to clarify this issue. 
 
In summary, age and gender-related changes in joint proprioception have been 
investigated in adult populations and children. It seems that proprioception 
decreases with increase in age in adults. On the other hand, it appears that 
proprioceptive acuity increases with increasing age in children. However, opinions 
differ as to the influence of gender on JPS and JK. Moreover, proprioceptive 
impairment appears to be associated with joint laxity and HMS in adults. The 
present research therefore investigated the effect of age and gender on JK and JPS. 
It also identified the possible effect of HMS on JK and JPS. 
 
In the next section, the methods used for clinical assessment of joint proprioception 
are discussed. 
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4.5 Clinical Assessment of Joint Proprioception 
Joint proprioception has been assessed using various methods. At the moment, 
there are no standardised methods of assessing proprioception. Therefore, this 
section describes the various methods previously used for assessing joint 
proprioception. It also examines the strengths and weaknesses of the methods. 
More detailed account of methods of proprioception assessment is provided by 
Stillman (2000). 
 
(a) Visual Estimation 
A common clinical method of JPS assessment involves the examiner passively 
holding a joint in a chosen test position whilst the patient with eyes closed attempts 
to match this position using the same joint in the opposite limb (Adams and Victor 
1993; Marks 1998). The examiner then observes the degree and direction of any 
mismatch between the two joint positions. The method of scoring these responses is 
not generally stated in the literature. Usually, each of several responses is assessed 
using a simple categorical scale such as in the study of Lincoln et al. (1998). Even 
normal subjects rarely produce perfect matches hence, clinicians may find it difficult 
to estimate whether a given mismatch is normal or abnormal in children with HMS. 
 
Passive JPS tests with contralateral limb matching were investigated in a group of 
stroke patients using visual estimation (Lincoln et al. 1998). In that study, the 
patients' responses were subjectively assessed by several examiners using four 
grades; ‘no appreciation of movement of the examined joint’, ‘appreciation of 
movement but not its direction, appreciation of the direction of movement’, and 
‘placement of the responding limb within 10° of the test position’. A poor inter-rater 
repeatability (Cohen's kappa = 0.49) of this scale for JPS test was reported. 
 
Similarly Sartor-Glittenberg and Powers (1993) examined elbow JPS in stroke 
patients where the contralateral matching responses were graded as ‘normal’, 
‘slightly disturbed’ or ‘severely disturbed’. Their findings were compared with the 
results from an independent examiner who used a sophisticated psychophysical 
assessment of pairs of marginally different elbow flexion angles. The sets of their 
results were significantly different (p = 0.001). The psychophysical methods of 
assessment used are described below in section 4.6.2.  
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In contralateral limb matching responses, it may be difficult for clinicians to visually 
estimate the joint positions in angular degrees. This view is supported by the studies 
on visual estimation of angular positions of the knee (Watkins et al. 1991) that 
produced poor intra- and inter-rater repeatability. 
 
According to Stillman (2000), there are two other clinical assessment procedures 
with features similar to tests with contralateral limb matching responses. First is the 
active assessment where the subject with eyes closed simultaneously flexes both 
elbows joints to a self-selected position, after which they estimate the mismatch 
between the two joints (De Domenico and McCloskey 1987). Secondly, the JK test 
described by Sims et al. (1996) where the subject with eyes closed grasped a 
handle on each of two wooden ramps with independently controllable slopes 
between 0 and 20°. With the slope of the two ramps different by increasing amounts 
in increments of 3 – 5°, the examiner slides the handles to the top of each ramp 
then asked the subject to say which hand is higher. 
 
Because both limbs are simultaneously involved in tests with contralateral limb 
matching responses, when the contralateral joint is proprioceptively impaired, it may 
be difficult for an examiner to isolate the individual contributions from each joint to 
the obtained result. Examples are in stroke, where the non-affected limbs may also 
be proprioceptively impaired (Sartor-Glittenberg and Powers 1993), and in diabetic 
neuropathy, which is not always symmetrical but bilateral (Horowitz 1993). 
Additionally, using contralateral matching may not be appropriate in clinical settings 
as there may not always be a contralateral joint available for examination, for 
instance where one limb of a child has been immobilised. 
 
(b) Non Visual Location  
The non-visual location of the extremities of body segments in space is another 
method of JPS tests (Stillman 2000). Shoulder JPS was tested by having subjects 
touching an object in front of the body with an outstretched finger (Forwell and 
Carnahan 1996). Another category of JPS test is the thumb finding test. In this test, 
the examiner passively positions one upper limb with the patient's eyes closed and 
then asks the patient to touch the thumb of the positioned limb with the opposite 
hand (Hirayama et al. 1999). Finger-to-nose and finger-to-finger tests are other 
forms of such tests (Keessen et al. 1992). 
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It has been shown that tests involving the spatial location of finger tips produce 
different results compared to assessing the location of finger joint positions (Biggs 
and Horch 1999). Therefore, it is possible that these two tests have different central 
neural processing pathways. Tests involving the location of finger tips in space may 
have as much functional relevance as active JPS tests of the lower limb (Stillman 
2000). Presently the results of these tests are not quantified.  
 
Subjective tests have limited repeatability. Leo and Soderberg (1981) examined the 
thumb-finding capacity of stroke patients and reported good interrater repeatability 
(ICC = 0.54). They used three subjective grades — inability to find the thumb, 
movement of the opposite hand in the general direction of the thumb, and direct 
location of the thumb. It is believed that abnormal results may also be caused by 
non-proprioceptive disorders, particularly of the cerebellum (Stillman 2000). 
 
(c) The Romberg Test 
Proprioception of lower limb joints, especially the ankles has been assessed using 
some form of the Romberg test (Ryan 1994). This test involves evaluation of posture 
and sway with the subject standing on one or both feet on a stable or unstable base 
with eyes open then closed (Hoffmann and Payne 1995). It is belived that standing 
on an unstable base may challenge balance mechanisms (Stillman 2000).  
 
The proprioceptors in all joints throughout the weight bearing lower limb(s) may be 
affected. Consequently, increased sway in standing may not necessarily represent 
poor performance of proprioceptors in the examined joint as other structures such 
as muscles will also be involved during standing. Bernier and Perrin (1998) 
demonstrated this in the study of unstable ankles. They discovered that standing 
balance was improved following a six-week programme of balance and coordination 
exercises but there was no change in the results following tests of ankle JPS. It is 
difficult to isolate other weight bearing joints such as the ankle and hip when using 
the Romberg test to test the knee joint in children with HMS. 
 
In conclusion, many of the assessment methods presently used for testing 
proprioception are not very repeatable, may limit the ability to determine and 
quantify abnormality. Therefore, they may not be suitable for assessing children with 
HMS. 
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4.5.2 Other Tests of Proprioception 
Proprioception also consists of estimation of weights, forces and effort (Stillman 
2000). The ability with eyes closed to differentiate marginally different weights held 
in the hand, to estimate the compliance of a spring compressed between a finger 
and thumb, to judge the effort associated with resisted voluntary muscle 
contractions, and to sense the vibration of a tuning fork applied to a bony 
prominence, are all valid tests of proprioception (Stillman 2000). There is little 
evidence of any clear correlation between the results from such assessments. This 
suggests that each of the methods of assessment may be assessing different 
components of proprioception. 
 
Cox (1991) found a poor correlation between the ability of healthy subjects to 
distinguish between weights held in the hand and forearm pronation-supination JPS. 
It has been demonstrated that joint proprioception, vibration sense and skin 
discriminatory senses may be affected separately or in various combinations in 
patients with parietal stroke (Bassetti et al. 1993). Simoneau et al. (1992) found a 
poor correlation (r2 < 0.34) between ankle plantar/dorsi-flexion JPS tests in diabetic 
patients.  
 
In a study by MacLennan et al. (1980), a poor correlation between hallux position 
sense and vibration sense about the wrist and ankles was found in healthy subjects 
aged at least 65 years. Similarly, Lanska and Kryscio (2000) observed a poor 
correlation between the results of the thumb finding test, JPS and vibration tests. On 
the other hand, Moberg (1990) demonstrated a correlation between two-point 
discrimination and finger JPS. Going by these findings, researchers have suggested 
that clinicians should not consider substituting one assessment of proprioception for 
assessment of JK and or JPS (Stillman 2000) as one test may be assessing 
different component and may not represent the overall proprioceptive ability (Grob et 
al 2002).  
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4.6 Methods of Assessing Joint Proprioception in Clinical 
Research 
In clinical research, joint proprioception assessment is characterised by the use of 
measuring instruments or complex subjective psychophysical methods (Stillman 
2000). These research procedures and their possible use for assessment are 
examined below. Detailed account of methods of joint proprioception assessment in 
clinical research is provided by Stillman (2000). 
4.6.1 Psychophysical Sensory Testing 
Psychophysical sensory testing is commonly used by clinical psychologists to 
assess the ability of subjects to perceive the magnitude of applied sensory stimuli 
(Stillman 2000). These stimuli include loudness, brightness and pain or the 
difference in magnitude between marginally dissimilar stimuli (Stillman 2000). This is 
usually tested by having the subjects respond to each stimulus or a pair of stimuli 
using simple verbal responses (Coren et al. 1994). JPS has been assessed using 
these procedures. Jones (1976) tested the ability of children to detect a constant 
velocity 5° passive elbow movement. This author repeated the test movement 50 
times, randomly combined with 50 occasions where no movement was produced. 
After each test the children were asked to indicate whether or not they sensed 
movement by responding yes or no. Signal detection theory (Weiler and Awiszus 
1997) and the staircase method of adaptive testing (Waddington and Adams 1999) 
have been used for testing JPS.  
 
Magnitude of estimation is another form of psychophysical assessment. It was used 
in JPS research by DeBacher (1989). The researchers assigned a rating scale with 
a convenient range of numbers to a selected range of joint movement. DeBacher 
(1989) assigned 0 – 100 to the total available range of wrist flexion-extension. Thus, 
if the available range of wrist flexion-extension was 50°, each unit of the rating scale 
would represent 2° of wrist movement. Wrist JPS was then assessed in two ways. In 
the first method the examiner specified a number from the scale after that.  The 
patients (with eyes closed) then attempted to actively move the joint to the 
equivalent position. In the second method the examiner passively placed the wrist in 
a specific position with the patients’ eyes closed and then they were asked to 
describe the position using an equivalent number from the scale. 
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Stillman (2000) believed that the psychophysical assessments described above 
have the following limitations. First, many repetitions are required in order to 
properly evaluate patients’ proprioceptive acuity. Secondly, a high level of 
cooperation is required from each patient. Children, and researchers, are likely to 
find this type of assessment both time-consuming and taxing on their powers of 
concentration. Therefore, in children, this number of test repetitions would be 
unrealistic. 
 
Moreover, it is uncertain whether joint proprioception is normally perceived in 
numerical terms by individuals (Stillman 2000). Therefore, magnitude of estimation 
tests, which focus on the numerical equivalent of proprioception, may not produce 
representative results of each individual's true proprioceptive ability.  
4.6.2  Arthrokinetic Reflexes 
Assessment of this proprioceptive function involves stressing or suddenly moving 
the joint then recording any reflex reaction in the surrounding muscles (Jennings 
and Seedham 1994; Beard et al. 199; Beard et al. 2000). This method of 
assessment requires special equipment to generate the stresses and record the 
muscular responses. This test may be unsuitable for children with HMS as impaired 
muscle reflexes (Ferrell et al. 2007) and muscle weakness (Sahin et al. 2007) have 
been found in individuals with HMS. 
 
Additionally, this type of assessment cannot be easily administered and it is likely 
that the results from JPS tests and arthrokinetic reflexes will vary since the neural 
pathways involved in proprioceptive sensation and protective articular reflexes are 
different (Stillman 2000). However, the relationship between JPS and JK and 
arthrokinetic reflex tests is yet to be reported. 
4.6.3  Visually-Oriented Methods  
Assessment of JPS in clinical research includes asking the subject to reposition a 
joint incorporating a protractor scale (Warren et al. 1993; Attfield et al. 1996; Friden 
et al. 1996). It also consists of positioning a pointer over a protractor scale (Carey et 
al. 1996). Subjects may sometimes be asked to manipulate a line diagram of the 
joint displayed on a computer screen (Rodier et al. 1991; Euzet and Gahéry 1995). 
The use of vision with the use of peripheral proprioceptors to identify limb positions 
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may indicate fundamental differences between the neural methods used to process 
these two types of information (Soechting et al. 1996; van Beers et al. 1999). Visual 
processing of proprioceptive information has been reported to be less accurate and 
less repeatable than tests with limb matching responses (Friden et al. 1996). 
Therefore, visually oriented tests may not be suitable for proprioception assessment 
in children with HMS.  
4.6.4 Joint Kinaesthesia Tests  
Joint kinaesthesia tests or threshold to perception of low velocity passive movement 
are common in clinical research (Hall et al. 1995; MacDonald et al. 1996; Borsa et 
al. 1997; Beynnon et al. 1999; Ferrell et al. 2004; Roberts et al. 2004). With the 
subject's eyes closed or blindfolded, the joint is passively moved from the chosen 
starting position at a low velocity of 0.4°/s to 0.5°/s (Friden et al. 1997; Rozzi et al. 
1999; Ferrell et al. 2004; Roberts et al. 2004; XU et al. 2004; Ageberg et 2005; 
Ageberg et al. 2007). The subject is asked to indicate when a change in joint 
position is perceived, along with the direction of change.  
 
The amplitude of movement indicated by the subject can then be measured 
trigonometrically. For instance, the knee angle of flexion is calculated as the 
arctangent of the distance moved by the lateral malleolus divided by the length of 
the leg. This method requires a customised motorised apparatus to produce the low 
velocity passive movements. It has been used for assessing the knee (Barrack et al. 
1983c; Lephart et al. 1992; Hall et al. 1995; Ferrell et al. 2004).  
 
Additionally, each subject is usually required to listen to white noise or music 
through headphones to block out noise from the motor (Friden et al. 1997; Ageberg 
et al. 2005; Ageberg et al. 2007). An air splint may also be placed around the 
proximal and distal joint segments to minimise extraneous proprioceptive input from 
the skin (Hall et al 1994; Ferrell et al 2004). These precautions are inconvenient, 
time consuming and impractical for routine clinical assessments. Moreover, the use 
of headphones with white noise may distract children during testing (Taylor et al. 
1998). Therefore, air splints and headphones were not used in the present study. 
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4.6.5 Angular Reproduction Tests  
Proprioception has been assessed in some clinical studies by measuring an 
individual’s ability to actively (Stilman et al. 2002; Bennell et al. 2003; Bennell et al. 
2005) or passively (Tsang and Hui-Chan 2003; 2004; Selfe et al. 2006) reproduce 
test positions. Joint position sense (JPS) or matching response can be performed 
either by using the same joint in the opposite limb (test with contralateral matching 
response) (Remedios et al. 1998) or the examined joint (ipsilateral matching) 
(Bennell et al. 2003; Bennell 2005; Selfe et al. 2006). This is usually done with the 
subject’s eyes closed or blindfolded. In both procedures the examiner usually 
passively supports the examined joint in each test position, but actively maintained 
test positions have also been used (Ishii et al. 1997; Good et al. 1999). 
 
The clinical relevance of passive tests for assessment of JPS has been previously 
challenged (Stillman 2000; Baker et al. 2002). Such challenges are based on the 
argument that active tests produce more accurate and repeatable results, and that 
the proprioceptive system is normally required to function under circumstances 
where the muscles are voluntarily or reflexly contracted (Gandevia et al. 1992; 
Kalaska 1994; Petrella et al. 1997; Marks 1998; Good et al. 1999; Stillman 2000; 
Baker et al. 2002).  
 
Gandevia et al. (1992) believed that the sensations of positions and movements of 
joints are rarely generated in the absence of muscular contraction. Furthermore, the 
sensation of joint rotation is routinely not assessed clinically when joints are moved 
passively. Kalaska (1994) was of the opinion that somesthesia is not a strictly 
passive process and that peripheral proprioceptive signals are altered by active 
muscle contractions.  
 
It has been suggested that active JPS involves different and possibly more natural 
central nervous processes than passive tests (Stillman 2000). In addition, it is 
believed that greater level of peripheral afferent information is generated during 
active JPS compared to passive JPS (Selfe et al. 2006). There is this issue of 
whether active tests can be administered by clinicians in a more repeatable manner 
than passive tests. Moreover, subjects’ relaxation during passive tests may be 
difficult to achieve (Beynnon et al. 2000). Some passive tests may involve 
unintended muscle contractions, which may be unrecognised by the examiner. 
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Similarly, there may be input from proprioceptive receptors emanating from 
contracting muscles during active tests. Therefore, active tests and ‘true passive’ 
tests may produce different results, and may lead to inappropriate interpretation of 
results. Acknowledging these limitations in the use of passive tests, they could be 
used effectively for assessing JPS in children who may be unwilling to perform an 
active JPS test. Moreover, a passive JPS test may be a useful technique for 
assessing proprioceptive ability of patients with associated muscle weakness due to 
pathological problems. Hence, a passive test was used for JK and JPS assessment 
in the present study. 
4.7 Instruments Used for Assessing Proprioception 
Proprioception has been measured using purpose-built apparatus incorporating a 
simple protractor scale (Barrett 1991); hinged protractor goniometer (Kaplan et al. 
1985); electrogoniometers (Petrella et al. 1997; Kiefer et al. 1998; Kramer et al. 
2001); dynamometer (Callaghan et al. 2002; Sekir and Gur 2005; Selfe et al. 2006); 
dynamometers incorporating an electrogoniometer (Kiefer et al. 1998; Remedios et 
al. 1998; Tsang and Hui-Chan 2003; 2004); and purpose-built motorised devices 
(Barrack et al. 1983a; Barrack et al. 1983b; Hall et al. 1994; Grob et al. 2002; Ferrell 
et al. 2004; Ageberg et al. 2005; 2007). In this section, instrumented methods of 
assessing joint proprioception are discussed. Motorised devices are discussed in 
the following chapter. 
 
(a) Simple Protractor Goniometry 
Simple protractor goniometry could be problematic during JPS tests with 
contralateral matching responses. This is because valid comparisons of 
measurements from contralateral joint depend on the goniometers being related to 
each joint in exactly the same way (Stillman 2000). This problem has been 
demonstrated in the study of knee JPS by Remedios et al. (1998) and is an 
unnecessary burden to be imposed on clinicians and researchers during the 
assessment of patients. The use of a hinged protractor goniometer may also 
introduce errors of repeatability as it may be difficult to standardise the goniometer 
placement during measurements. 
 
 
 
 
 114 
 
(b) Electrogoniometers 
Electrogoniometers have being used for assessing knee joint proprioception in 
healthy adults (Petrella et al. 1997; Kramer et al. 2001). It is believed that 
electrogoniometers are more sophisticated than a hinged protractor goniometer 
(Isacson et al. 1986). The accuracy and repeatability of electrogoniometers may be 
affected by how well it is initially related to bony landmarks and the extent of its 
movement over the skin when in use. Kerrigan et al. (1998) recognised that 
electrogoniometers have a relatively poor accuracy because they were very difficult 
to apply. Moreover, there may be problems due to poor calibration. In a study of 
knee JPS by Kiefer et al. (1998) the electrogoniometer were calibrated against four 
angles on a protractor goniometer, thus transferring any inaccuracies in the 
protractor goniometer or its operator to the electrogoniometer. 
 
(c) Dynamometers 
Dynamometers are valid tools for measuring muscle torque (Wiggin et al. 2006). 
They have also been used for assessing knee joint proprioception in healthy adults 
(Hurley et al. 1998; Callaghan et al. 2002; Tsang and Hui-Chan 2004) and adults 
with pathological conditions (Sekir and Gur 2005). However, their use is impractical 
for clinical assessment of proprioception in children as the lever arm of 
dynamometers may be too big, making it difficult to correctly align the knee axis with 
the centre of rotation. Dynamometers are expensive (Wiggin et al. 2006) and may 
therefore not be available for routine clinical use. As a result, their use for knee joint 
proprioception assessment in children is limited and were not used for knee joint 
proprioception assessment in this research.  
 
(d) Video- and Photograph-based Goniometry 
Video- and photograph-based goniometry is usually used by placing reference 
markers over surface landmarks so as to outline the joint angles to be measured. 
Sophisticated computer-based video measurement systems have been used in 
previous studies of JPS (Darling 1991; Feuerbach et al. 1994; Forwell and 
Carnahan 1996; Brumagne et al. 1999; Lonn et al. 2000). Knee JPS has also been 
examined using photography (Marks 1996; Marks and Quinney 1997) and/or video-
recording (Stillman et al. 2001; Baker et al. 2003; Bennell et al. 2005). Computer-
based video measurement systems are very complex, expensive, time-consuming 
and not generally available for clinical use. Video methods may not be repeatable 
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because of marker placement as they may be associated with significant skin 
movement. Moreover, regarding photography method, the film is expensive and 
processing the photographs may be time-consuming. Therefore, it is clinically 
inconvenient for proprioception testing in children.  
 
In summary, the basis of any clinical assessment is to know whether there is an 
abnormality, identify its type and location, determine its severity, and/or examine its 
progress. Clinical assessment of proprioception should be simple, safe, time 
efficient, as well as being valid, accurate, repeatable and sensitive to small changes. 
Active tests may be more accurate, repeatable and be of greater functional and 
clinical relevance than passive tests. However, they may not be appropriate in 
children and certain groups of patients such as those with pathological problems. 
Instrumented measurements may be necessary to obtain accurate, repeatable and 
sensitive results.  
 
Based on this review of literature it appears that passive JK and JPS tests using 
purpose-built apparatus such as motorised devices both have their limitations. 
However, they are still the most commonly used method in clinical and research 
studies. Issues related to purposed-built motorised devices for joint proprioception 
assessment are examined in the next chapter. 
4.8 Relationship between JK and JPS 
Many authors believe that JK and JPS are components of joint proprioception (Table 
4.1). Knee joint proprioception has been previously tested using JK (Hall et al. 1994; 
Ferrell et al. 2004), JPS (Fremerey et al. 2000; Tsang and Hui-Chan 2004) or both 
tests (Barrack et al. 1983b; Barrett et al. 1991; Sekir and Hakan 2005). Results of 
proprioceptive tests may differ depending on the test used.  
 
Skinner et al. (1984) found a weak (r = 0.293) but significant (p < 0.025) relationship 
between knee JK and JPS measures in 29 healthy subjects (students and hospital 
staff) aged 22 to 82 years indicating that the similar biological parameters might 
have been assessed by both tests. In a study of effect of fatigue on knee joint 
proprioception by Skinner et al. (1986) using a motorised device, a high correlation 
(r = 0.759, p = 0.01) between JK and JPS was reported before fatigue. A low 
correlation (r = 0.5, p = 0.118) was found after fatigue. 11 healthy male volunteers 
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(aged 19 to 28 years) from the US Navy who had completed the final and most 
rigorous phase of training were studied.  
 
Although Skinner et al. (1984) and Skinner et al. (1986) used similar method and 
testing devices, the subject characteristics used in the two studies were not the 
same. For instance, the level of activity and age range of the participants were 
different. Additionally, JK was tested by Skinner et al. (1984) using an angular 
velocity of 0.40/s while Skinner et al. (1986) used an angular velocity of 0.50/s. 
Moreover, the pressure of the custom-made air splints used by Skinner et al. (1984) 
to minimise cutaneous input was 20 mm Hg, while Skinner et al. (1986) used 
custom-made air splints inflated to 25 – 30 mm Hg in their study. These 
methodological differences could have accounted for the conflicting findings. 
 
In a recent study the correlation between different measurements of proprioception 
(JK and JPS) of the knee joint was investigated in 30 healthy subjects (24 to 72 
years) by Grob et al. (2002), using a motorised device. No correlation was found 
between knee JK and JPS tests (Spearman (r) range -0.25 – 0.33). The results of 
the above studies suggest that each test may assess different facets of 
proprioception and that different proprioceptors may be responsible for each of 
them. For instance, the rapidly adapting proprioceptors are believed to mediate JK 
while JPS is sensed by the slowly adapting ones (Lephart et al. 1992; Stillman 
2002). The details of these proprioceptors have previously been presented in 
section 4.3.2. 
 
The few studies reported above were conducted in healthy adults and their findings 
may not therefore transferable to children. It is believed that there is substantial 
overlap in the receptors mediating JK and JPS and both could be impaired by joint 
injury or disease (Stillman 2002). Based on this assumption and the conflicting 
results on the correlation between JK and JPS, both methods were used for 
assessing proprioception in the current project. To determine the appropriateness of 
these measures of proprioception, it was necessary that the relationship between 
them be investigated in healthy children. As a result, the correlation between knee 
JK and JPS tests were examined. 
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4.9 Joint Position Sense Measurement Errors 
Differences exist in terms of measurement errors used for data analysis of JPS 
assessment. Three types of errors have been used by investigators for JPS test 
measurements. These are the absolute angular error (AAE) (Skinner et al. 1984; 
Barrett et al. 1991; Gottlieb et al. 1994; Ludon 2000; Tsang and Hui-Chan 2004), 
relative angular error (RAE) (Baker et al. 2002; Stillman et al. 2002) and angular 
error of variation (AEV) (Feuerbach et al. 1994; Beynnon et al. 2000). Each of these 
errors represents a unique way of describing JPS. The summary of studies using 
various types of errors is provided in Table 4.5. Illustration of joint position sense 
measurement errors (test angle of 250 knee flexion) is provided in Figure 4.2. This 
section describes these measurement errors. 
 
Absolute Angular Error (AAE) 
AAE is the absolute difference between the test and perceived angles. AAE contains 
only the magnitude information. AAE cannot be used to determine if a subject 
underestimates or overestimates the target or test positions. Therefore, it represents 
the subjects overall ability to reproduce the test angle.  
 
Relative Angular Error 
Relative angular error (RAE) is the signed arithmetic difference between a test and 
perceived angle. The terms ‘relative angular error’ (Bennell et al. 2003; Bennell et al. 
2005) and ‘constant error’ (Goodman and Marks 1998) have been used 
interchangeably. To avoid confusion in the use of these terms, the term relative 
angular error (RAE) is used throughout this thesis. The average RAE is a measure 
of bias that is the tendency to under-estimate or over-estimate. It contains both the 
magnitude and direction of information. It characterises how a subject systematically 
over-estimates or under-estimates the test angle. RAE depends on the relationship 
between the starting position, test angle and response angle. Under-estimation is 
usually represented with a negative value (for instance the RAE in example 1 of 
Figure 4.2 = -100) while over-estimation is represented with a positive value (the 
RAE in example 2 = +100).  
 
 
Table 4.5: Summary of Studies using Different Errors for JPS Calculation  
Author Population/age Joint Tested Technique Error (s) used    Remarks          
Hurley et al. (1998) 45 healthy adults (age range 
21 – 82yrs) 
Knee  Active AAE Repeatability not reported 
Beynnon et al. (2000) 30 healthy subjects (age 
range 18 – 34yrs) 
Knee Active 
Passive 
AAE, RAE, 
AEV 
Visual analogue used for angular 
measurement 
Ludon (2000) 24 healthy (mean age 24yrs) Knee  Active AAE Dynamometer and 
Electrogoniometer used 
Stillman et al. (2001) 20 healthy subjects  (mean 
age 19.9yrs) 
Knee Active 
Passive 
AAE, RAE, 
AEV 
- 
Bennell et al. (2003) 220 patients with OA of the 
knee (mean age 68.6 yrs) 
Knee  Active AAE, RAE, 
AEV 
 
Excellent test-retest repeatability of 
AAE, RAE (ICC = 0.86 to 0.94). 
Poor test-retest repeatability of AEV 
(ICC = 0.44) 
Tsang and Hui-Chan 
(2003) 
35 healthy adults (60 yrs and 
older) 
Knee Passive AAE Dynamometer and 
Electrogoniometer 
Bennell et al. (2005) 17 healthy adults (age range 
21 – 82) 
Knee Active AAE, RAE, 
AEV 
 
JPS assessed using video 
recording of knee angle, formula 
used for angular displacement 
calculation not reported 
AAE = absolute angular error; RAE = relative angular error; AEV = angular error of variation; ICC = intraclass correlation coefficient; 
OA = osteoarthritis 
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JPS Test at 250 
  
                                                    
            
 
                                                                                   
                                                                  Test angle (250) 
                                                                     
                                              Starting angle (900)                                        
Example 1:    Overestimation                                 
  
                                                 100 overestimation  
                                                      = +100 relative error  
                                                   = 100 absolute angular error 
                                                                              
                                                                    Perceived angle (150) 
                                                   Test angle (250)         
Example 2: Underestimation                                                                                                                  
                                                               
                                                    100 underestimation 
                                                    = -100 relative error  
                                                    = 100 absolute angular error                                          
                                                     
                                                                  Test angle (250) 
                                               Perceived angle (350)                                                                              
                                                  
Figure 4.2: Illustration of Joint Position Sense Measurement Errors (test angle of 
250 knee flexion)  
Starting angle = the angle from which the knee joint is moved to the test and perceived 
angles; test angle = angle that examiner place subjects’ knees in which they are asked 
to sense; perceived angle = angle which the subjects place their knee and they believe 
it corresponds to test angle. 
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Using RAE, it may not be possible to say that a group has better or worse 
proprioception than the other, even if the mean values are significantly different.  This 
can happen if a group has a mean greater than zero and the other cohort achieves a 
mean of similar magnitude but negative (Stillman 2000). Additionally, RAE may fail to 
find differences that exist when AAE are used (Beynnon et al. 2000). 
 
Angular Error of Variation (AEV) 
The angular error of variation (AEV) represents the precision of a subject’s estimate of 
the test angle. It is the repeatability of responses of a subject following a set of repeated 
trials. It is commonly described by the standard deviation from the mean of the relative 
angular errors. Using AEV may lead to difficulties in analysis and interpretation since 
individuals with lower values are said to be having poorer JPS. There are several 
potential difficulties with the use of AEV. First, AEV will be increased by random errors 
in measurement of JPS. Secondly, subjects would be classified as having excellent joint 
proprioception if they constantly err to any degree, as long as the errors are consistent. 
Moreover, AEV may ignore learning effects that may be associated with repeated JPS 
tests. 
 
AAE has been used exclusively for JPS analysis (Birmingham et al. 2000; Ludon 2000). 
The reason for this may be due to the relative simplicity of interpretation and the 
possibility that RAE is not sensitive to differences in JPS. Feuerbach et al. (1994) used 
both AAE and RAE for their data analysis. Significant differences were observed when 
analysing the AAE but no differences when analysing the RAE. Additionally, Beynnon et 
al. (2000) reported that AAE was more accurate and repeatable than the RAE and AEV. 
On the other hand Bennell et al. (2003) found that both AAE and RAE were more 
repeatable (test-retest, ICC = 0.86 to 0.94) than AEV (ICC = 0.44). 
 
From the foregoing, it seems likely that AAE method of data analysis is accurate, 
repeatable, can easily be calculated and interpreted. Moreover, AAE has been 
commonly used and therefore, it was used for JPS tests calculations in this thesis. 
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4.10 Overall Summary 
In conclusion, subjective assessment methods of assessing joint proprioception may be 
associated with poor repeatability, bias and difficulty quantifying. This might limit the 
ability of clinicians to determine and define the level of proprioceptive impairments. 
Additionally, quantifiable testing methods of assessing proprioception such as 
magnitude of estimate are time consuming. Moreover, the photographic methods are 
expensive and require high level of personnel training.  
 
Active JPS, as opposed to passive JPS tests may be functionally and clinically relevant. 
However, sensory inputs from muscles acting on the test joint are difficult to isolate 
when active JPS tests are administered. In addition, active JPS tests in pathological 
conditions such as HMS that is associated with muscle reflex dysfunctions (Ferrell et al. 
2007) and muscle weakness (Sahin et al. 2007) may be difficult to examine. Because of 
these reasons a quantifiable measure of proprioception using passive test and a 
purpose built motorised device was used in the present study. 
 
The following chapter explores the use of a purpose-built motorised device for 
assessing joint proprioception in children. 
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CHAPTER 5 : EQUIPMENT DEVELOPMENT AND VALIDATION  
5.1 Introduction 
From the previous chapter it is clear that many methods used to assess joint 
proprioception may not be appropriate in children as they may be time consuming. 
While active JPS tests have been used previously, it may be difficult to isolate motor 
contribution to proprioception (Tsang and Hui-Chan 2003; Tsang and Hui-Chan 2004) 
which may be impaired in individuals with disorders such as HMS. These 
considerations therefore led to the development of a purpose-built motorised device to 
assess joint proprioception in this study. Chapter 5 explores the literature relating to the 
use of motorised devices for assessing joint proprioception and gives a detailed 
account of the development of a purpose-built motorised device for assessing knee joint 
proprioception in this study. Issues related to calibration, accuracy and validity of the 
measurement tools used in the current study are also explored. 
5.1.1 Motorised Device for Assessing Joint Proprioception 
A motorised device was first developed and used by Barrack et al. (1983a, 1983b). It 
consisted of a slow-speed motor mounted on a shaft and a motor control with a 
patient’s on/off switch. Such motorised devices produce constant passive angular 
displacement of the knee joint (Grob et al. 2002). It is believed that a slow and constant 
angular velocity maximally stimulate joint proprioceptors (Barrack et al. 1989; Friden et 
al. 1996; Ageberg et al. 2005; 2007) and minimises the contribution from muscle 
receptors (Ageberg et al. 2005; 2007) by limiting reflexive muscle contraction 
(Callaghan et al. 2002). In addition, a slow speed motorised system ensures that 
subjects will not be able to easily detect the onset of joint motion (Friden et al. 1996).  
5.1.2 Advantages of Motorised Devices 
Motorised devices have the following advantages over other methods of joint 
proprioception assessment. In comparison with visual estimation, they provide 
quantifiable information regarding the proprioceptive ability of individuals. Motorised 
devices are easier to use compared with dynamometers and video or photography 
methods. They are safe to use and less time consuming than other instrumented 
methods such as radiographic techniques which have ethical considerations.  
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Table 5.1 gives the summary of studies that have examined joint proprioception using 
purpose-built motorised devices. The lack of consistency in the manner in which the 
devices have been used makes comparison of studies problematic. The following 
section examines the limitations associated with the use of motorised devices. 
5.2 Limitations of Motorised Devices for Assessing Joint 
Proprioception  
Knee angular displacement measurement using motorised devices has been calculated 
as the arctangent of the distance moved by the lateral malleolus divided by the length of 
the leg (Barrack et al. 1983ab; Skinner et al. 1984; Hall et al. 1994; Ferrell et al. 2004). 
This was based on the principle that the examined joint produces a simple arc of motion 
during assessment. However, it may be difficult for the knee joint axis of rotation to be 
correctly identified, for example where the joint is swollen. This may give rise to error in 
angular displacement measurement and as a result the validity of angular displacement 
calculation is questionable under such circumstances.  
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Table 5.1: Summary of Studies that have used Motorised System for Assessing Knee Joint Proprioception  
Authors Population Starting 
position (0)
Technique Repeatability Angular 
Velocity (0/s) 
       Remarks 
Barrack et al. 
(1983a) 
12 healthy subjects 
(mean age 25 yrs) 
Not reported JPS Not reported 10 Detail of method used for 
angular displacement 
determination not reported 
Barrack et al. 
(1983b) 
 39 healthy and post 
operative patients (age 
range 24 -69 yrs) 
90 JK 
JPS 
Not reported 0.4 (JK) 
10 (JPS) 
Five test repetitions and no 
practice trials 
Skinner et al. (1984) 29 healthy adults (age 
range 20 – 82 yrs) 
60 
90 
JK 
JPS 
Not reported 0.4 (JK) 
10 (JPS) 
Angular displacement 
calculated, ten test repetitions 
Skinner et al. (1986) 11 healthy subjects 
(mean age 22.8 yrs)  
60 
90 
JK 
JPS 
Not reported 0.5 (JK) 
JPS not 
reported 
Angular displacement 
calculated, five test repetitions 
and no practice trials,  
Clark et al. (1996) 8 healthy subjects (mean 
age 34yrs) 
Not reported JK Not reported 0.5 Chair had a limited adjustment, 
six trials, protractor 
incorporated, auditory input not 
eliminated 
Friden et al. (1996) 39 subjects: 19 healthy  
20 with ACL deficient 
knee (mean age 25 yrs) 
Not reported JK 
 
Less variation 
in between day 
repeatability in  
healthy 
subjects 
0.5 Sound imitating the step motor, 
specially designed protractor 
used by subject to assess their 
knee position, 95% confidence 
interval used for repeatability 
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Table 5.1 (Continued)  
Authors Population Starting 
position (0)
Technique Repeatability Angular 
Velocity (0/s) 
Remarks 
MacDonald et al. 
(1996) 
32 subject with ACL deficient 
and reconstructed knees (age 
range 15 to 41 yrs) 
Not reported JK Not reported 0.5 Chair used had limited height 
adjustment, pressure of the air 
splint used was not measured  
Borsa et al. 
(1997) 
29 subjects with ACL 
deficient knees (mean age 
28.7 yrs) 
 Not reported JK Test-retest 
(ICC = 0.92) 
0.5 Earphones with white noise  
Friden et al. 
(1997) 
16 subjects with ACL 
deficient knees (mean age 26 
yrs) 
   20 & 40 JK 
JPS 
Not reported 0.5 
10 
Subjects in side lying with hip in 
semi flexion, ear phones with a 
sound imitating the motor, 3 
practice trials 
Beynnon et al. 
(1999) 
20 adults with ACL deficient 
knees (mean age 40 yrs) 
     90 JK Previously 
reported 
Not reported EMG used to ensure subject 
relaxation, practice trial 
administered 
Rozzi et al. 
(1999) 
34 healthy adults (mean age 
19.6 yrs) 
     15 JK Test-retest 
(ICC = 0.92) 
0.5 Angular displacement 
calculation not reported 
Grob et al. 
(2002) 
30 healthy adults (mean age 
41 yrs) 
JK at 60, JPS 
at 90 
JK 
JPS 
Not reported 0.5 (JK) 
12 for JPS 
practice trial 
5 for JPS 
test trials 
Subject in supine, number of 
practice trials not indicated, 
validity of angular displacement 
not reported, different angular 
velocities used for practice and 
test trials 
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Table 5.1 (Continued)  
Authors Population Starting 
position (0)
Technique Repeatability Angular 
Velocity (0/s) 
Remarks 
Hassan et al. (2002) 68 Adults with 
osteoarthritis of the knee 
(mean age 66.6 yrs) 
90 JPS Test-retest 
(ICC = 0.74 to 
0.96)  
Not reported One practice trial (passive) 
active JPS test  
Roberts et al. (2003) 24 healthy adults (mean 
age 24 yrs) 
Knee/ 
starting 
positions 20 
& 40 
JK Not reported 0.5 Subjects laid on their side, tape 
recorder used to play imitating 
sound  
Ferrell et al. (2004) 18 adults with HMS 
(mean age 27.3 yrs) 
knee JK Between day 
repeatability  
(p = 0.15) 
0.4 Ten repetitions (five moving 
into flexion and five moving into 
flexion). Method of statistical 
analysis used for between day 
repeatability not reported. 
XU et al. (2004) 68  healthy adults (mean 
age 66.1 yrs) 
45 JK Not reported 0.4 Two practice trials, dominant 
limb assessed, headphones 
with white noise, angular 
displacement  measured with 
electrogoniometer  
 
 
 127 
 
Some authors such as MacDonald et al. (1996) incorporated a protractor 
goniometer to measure knee angular displacement during knee joint proprioception 
assessment in healthy adults and adults with ACL deficient knees using a motorised 
device. It was noted that the chair used by MacDonald et al. (1996) had limited 
adjustment for the participants’ limb length. Limb length could be a function of a 
participant’s height therefore; it might be difficult to align the knee joint axis of 
participants with the centre of rotation of the driving shaft of the motorised device. 
As a result, this method could be prone to measurement error of angular 
displacement of the knee joint.  
 
Researchers such as Grob et al. (2002) used an electrogoniometer to measure joint 
angular displacement during knee joint proprioception assessment in healthy adults 
using a motorised device. Electrogoniometery may be a more accurate way to 
measure knee joint angular displacement than calculating the arctangent. However, 
as stated in section 4.7 electrogoniometers take time to calibrate and may therefore 
not be appropriate. 
5.2.1 Repeatability 
In spite of the widespread use of motorised devices, there is limited information on 
the repeatability of their measurements. Only a few researchers have reported the 
between-days repeatability of knee joint kinaesthesia (JK) measurements in adults 
with ACL deficient knees (Borsa et al. 1997) and patients with HMS (Ferrell et al. 
2004). The between-days repeatability of knee JK and JPS has been reported in 
healthy subjects (Friden et al. 1996). Ferrell et al. (2004) claimed that their device 
showed no statistically significant difference (p = 0.15) between two measurement 
days (2 to 8 weeks apart). Friden et al. (1996) also reported no significant difference 
between repeated measurements of both JK and JPS taken (one month apart) in 
healthy adults. Similarly Borsa et al. (1997) demonstrated that their device had 
excellent test-retest repeatability (ICC = 0.92) for JK measurement.  
 
The above studies indicated that the results obtained from normal and symptomatic 
knee joints in adults remain statistically unchanged over several weeks. Since 
proprioceptive acuity in children is different from adults due to developmental 
changes (Goble et al. 2005), therefore, their findings may not be applicable to 
children. Additionally, Ferrell et al. (2004) analysed their data on between-days 
repeatability of knee JK by examining the mean difference between the data 
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collected on two measurement occasions and not the agreement between them. 
The lack of significant difference between measurements of 2 to 8 weeks apart may 
not necessarily indicate that the two measurements agreed (Bland and Altman 
1986). As a result, their method should be viewed with caution. Further work is 
required to establish the repeatability of a motorised system in children.  
5.2.2 Practice Trials and Test Repetitions 
The issue of practice trials and test repetitions should be addressed as it is believed 
that a one-off knee JPS assessment may lead to erroneous findings and may be 
misleading (Selfe et al. 2006). Only a few authors (Friden et al. 1997; Beynnon et al. 
1999; Grob et al. 2002) in Table 5.1 made reference to an initial practice trial when 
examining knee proprioception in adults. Friden et al. (1997) administered three 
practice trials. Beynnon et al. (1999) did not state how many practice trials were 
administered in their study, while Grob et al. (2002) administered one trial but did 
not clearly justify this. Proprioception testing without initial practice trials may not be 
a true reflection of subjects’ proprioceptive ability as familiarisation of the 
measurement procedure may not be accounted for (Marks 1994; Selfe et al. 2006).  
 
Test repetitions in previous studies have ranged from five (Barrack et al. 1983b; 
Skinner et al. 1986; Hall et al. 1994) to ten (Ferrell et al. 2004). The basis on which 
these authors chose the number of test repetitions for proprioception assessment 
has not been reported. Multiple repetitions may be time consuming for 
proprioception testing in children and may cause them to lose concentration during 
assessment.  
5.2.3 Starting Position and Subject Relaxation 
The subject’s body position is crucial in clinical assessment of neuromuscular 
indices. Adequate relaxation of the subjects’ test limb during proprioception testing 
may be affected. If the subjects’ limbs are not adequately supported during 
proprioception testing, it may be difficult to eliminate proprioceptive inputs from the 
contracting muscles. Beynnon et al. (2000) reported that their subjects found it 
difficult or impossible to achieve complete relaxation of their lower leg musculature 
and remain passive during JPS testing. 
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Researchers such as Hall et al. (1994), Friden et al. (1996) and Ferrell et al. (2004) 
examined knee proprioception in a side-lying position by making the participants in 
their study lie on their contralateral side. However, in this position it may be difficult 
for the examiner to maintain a correct alignment of the joint axis in children in this 
manner. This may lead to measurement error.  
 
Beynnon et al. (1999) acknowledged that lack of participant complete relaxation may 
be a limitation in the use of motorised devices for proprioception testing. 
Consequently, these authors used electromyography (EMG) to monitor electrical 
activity of muscles surrounding the knee joint in their study of knee JK in 20 adults 
with ACL deficient knees (mean age 40 yrs). EMG was not used in the present study 
of HMS in order to limit equipment intervention and to avoid possible interference of 
the motor (a component of the motorised device) on EMG activity.  
5.2.4 Elimination of External sensory cues 
Precautions have been taken by researchers to minimise proprioceptive input from 
external sensory cues to the examined joint when using motorised devices. For 
example, external cues may be visual, cutaneous and auditory. These precautions 
are discussed below. 
5.2.4.1 Cutaneous inputs 
It is believed that cutaneous sensation may have a role to play in JK (Macefield et 
al. 1990; Grigg 1994; Edin and Johansson 1995; Gilman 2002). Constant and 
intermittent pressure applied to the calf from an air splint inflated to 40 mm Hg has 
been found to produce changes in A-∞ and A-ץ motoneurone excitability (Robichaud 
and Agostinucci 1996). Acknowledging this fact, cutaneous sensation has been 
minimised in previous studies of knee joint proprioception by means of inflated air 
splints (Hall et al. 1995; Ferrell et al. 2004) or woollen socks (Friden et al.1996; 
Friden et al. 1997; Ageberg et al. 2007).  
 
The pressure of the air splints used has varied between 20 mm Hg (Skinner et al. 
1984; Xu et al. 2003) to 40 mm Hg (Hall et al. 1994) in previous studies. Some 
researchers such as MacDonald et al. (1996) and Grob et al. (2002) did not report 
the pressure of the air splints used in their studies. Although, there seems to be a 
good justification for the use of air splints during knee JK testing, Grigg (1994) was 
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of the opinion that cutaneous sensation may not have a significant role to play in 
JPS of proximal joints such as the knee.  
 
Aside from the possible practical problems associated with the use of air splints in 
the clinical situation, it has been suggested that instead of preventing unwanted 
cutaneous receptor stimulation, airsplints may also stimulate muscle and articular 
pressure-sensitive proprioceptors (Stillman 2000). In addition, there was insufficient 
evidence to support their use in children as only one previous study (Barrack et al. 
1983c) was found by the author of this thesis in which knee JK and JPS were tested 
with an air splint. Hence an air splint was not used in the present study. 
5.2.4.3 Auditory input 
Auditory input into proprioception has previously been minimised by some 
researchers during proprioception testing using motorised devices (Barrack et al. 
1983a; 1983b; Skinner et al. 1986; Mallik et al. 1994; Hall et al. 1995). However, 
researchers like Clark et al. (1996) did not minimise auditory input in their study of 
knee JK in 8 healthy subjects (mean age 34 years). Investigators such as Borsa et 
al. (1997) have used earphones with ‘white noise’ while other researchers (Friden et 
al. 1996; Friden et al. 1997; Roberts et al. 2003) used earphones playing imitation 
sound from the stepper motor of their devices. The present author acknowledges 
the importance of minimising auditory input during proprioception testing. However, 
white noise and imitation sound may be sources of distraction to children during 
proprioception assessment (Taylor et al. 1998). Due to these reasons, earmuffs 
were used instead to minimise auditory input in children during proprioception 
testing in the present study. 
 
This section has identified some possible problems associated with the use of 
motorised devices for assessing joint proprioception. To overcome some of these 
possible problems, a purpose-built motorised device was developed, along with a 
standardised protocol. 
 
The rationale for the design of a purpose built motorised device for measuring 
proprioception in healthy children and children with HMS is provided in the following 
section. A detailed account of the developmental work and construction of a 
purpose-built motorised device is provided in the following section. 
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5.3 Development and Construction of a Purpose-Built 
Motorised Device 
In this section the construction of a purpose-built motorised device for assessing 
knee joint proprioception is examined.  
5.3.1 Components of the Motorised Device 
Automated Motion System PTY. LTD (Australia), the company that developed the 
motorised device used by Grob et al. (2002) for investigating knee joint 
proprioception in healthy adults was contacted. This company supplied the following 
components to the physiotherapy subject area, QMU, Edinburgh, UK: RTA GMD02 
stepper drive (inc DIN connector), AMS RC10 clock card, SD 103-807-6341 
stepping motor (with 2 meters screened cable), transformer (300VA) and power 
supply,  speed control switch, relay and circuit board, TR MP-060-3-140-15-9.53-30-
NEMA34.080 gearbox, (3 stage, 140:1 ratio, 15’ backlash). A schematic circuit 
diagram and photographs of the device were also provided to QMU.  The 
components were assembled with the assistance of the Chief Technician (QMU, 
Physiotherapy subject area), the Engineering Department of the University of 
Edinburgh, UK and George Brown and son Engineers, Edinburgh UK (a local 
engineering company) using the circuit diagram and photographs from Grob et al. 
(2002). The detailed account of the development is given below.  
5.3.2 Development of the Device 
The motorised device (Figure 5.1) developed in this study moves the lower leg at a 
slow variable and constant angular velocity (0.080/s – 2.20/s). It was made up of a 
slow-speed stepper motor mounted on a shaft, a motor control with a patient’s 
response button, an inextensible belt and a 20cm radius pulley (adapted using a 
bicycle wheel). This was attached to a shaft of 100 cm long 20mm diameter (50cm 
long on either side of the wheel) (Figure 5.1).  
                               
To allow free movement of the shaft whenever the pulley was being driven, two 
bearings (20mm diameter) were attached to the vertical medium density fibre (MDF) 
wooden boards (approximately 64cm high) (Figure 5.2). The driving pulley and the 
wooden boards were all mounted on a mobile wooden platform. The developmental 
work carried out on the device was based on the author’s clinical experience, and 
discussion with clinicians and academics in the field of proprioception and 
bioengineering. 
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Figure 5.1: Schematic Diagram of the Purpose-Build Motorised Device (illustration by Steve Kelly, Manchester Metropolitan 
University) 
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         Figure 5.2: Bearing Mounted on Wooden Board 
5.3.2.1 Angular Displacement Measurement 
A number of options were considered for measuring angular displacement of the 
knee joint. These options are discussed below. 
 
The use of a universal goniometer, electrogoniometer or VICON system was 
considered for measuring angular displacement in this study. Another option was to 
attach the driving shaft to the centre of the pulley, and then align the knee axis of 
rotation with the centre of rotation of the driving shaft with a protractor attached to 
the shaft. During a discussion between the present researcher and an expert in the 
field of proprioception (D. Xu, personal communication 01/07/2004) it was 
suggested that when the knee joint flexion-extension axis is aligned with the centre 
of rotation of the driving shaft the angular displacement of the shaft equals that of 
the knee joint. Due to the limitations associated with the use of manual goniometer; 
electrogoniometer and VICON (section 4.7) they were rejected by the researcher as 
means of measuring knee angular displacement during proprioception testing in the 
present study.  
 
 
 
 
 
Vertical MDF 
support board 
20mm diameter 
bearing 
 134 
 
A simple protractor is an inexpensive tool for measuring angular displacement, easy 
to use and time efficient. Moreover, it is a valid and accurate means of measuring 
ROM. It was with these concepts in mind that more focused developmental work 
was carried out to incorporate a protractor for measuring knee angular displacement 
during proprioception testing in this study. A simple protractor scale with 10 
increments was attached to the wooden boards (Figure 5.1). For ease of 
measurement, a pointer was attached to both ends of the shaft. 
5.3.2.2 Starting Position 
Subject positioning and relaxation of the examined joint was considered after the 
initial development of the device. Based on previous work on proprioception and 
discussion with experts in the field, the following were the possible options: 
1 Side lying (Friden et al. 1997; Ferrell et al. 2004). 
2 High sitting without limb support and the contralateral knee joint bent to 900 
and the foot resting on a stool. 
3 Supine lying with both lower legs freely hanging at the edge of a plinth 
(Barrett 1991). 
4 High sitting with back reclined to 600 (to encourage relaxation) with both 
lower leg freely hanging at the edge of a plinth (Barrack et al. 1983c; Skinner 
et al. 1984; Tsang and Hui-Chan 2003) and the test limb placed in a limb 
support.  
 
The first three options were rejected because of the reasons already discussed in 
section 5.2. However, the last option appeared to be more suitable for 
proprioception assessment in children as the researcher believed that children were 
likely going to find the position comfortable. In addition, this option was chosen to 
allow comparison with the only previous study available on knee joint proprioception 
in children (Barrack et al. 1983c). Moreover, it was felt that the position was going to 
enhance adequate relaxation of the examined limb. Consequently, the researcher 
adopted the last option as the testing position.  
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5.3.2.3 Lower Limb Support 
To construct a lower limb support, three options were considered by the investigator. 
These options were either to use a hinged knee brace, controlled passive movement 
(CPM) frame or polyvinyl chloride (PVC) drainpipe. A hinged knee brace was 
rejected because it has been previously demonstrated that knee joint proprioception 
is enhanced by application of a neoprene sleeve (Birmingham et al. 2000). As a 
result, the researcher felt that using a hinged knee brace might give confounding 
results on proprioceptive ability of children in this study. The CPM frame (Homecraft, 
Ashfield, England) but was found to be too large for use with children. Instead a 
purpose-built limb support was constructed using a PVC drainpipe. This was 
attached to a piece of aluminium frame (45 cm long) each that were separated by a 
distance of 27cm on either side of two MDF (2cm thick) wooden boards. The limb 
support was padded with closed cell rubber (6mm thick) (Footman, England). Velcro 
straps were also attached to each limb support.             
5.3.2.4 Sound Proofing 
During the initial pilot work, it was discovered that the stepper motor of the device 
was noisy and could be a source of distraction to children during testing. A sound 
proofed box was therefore provided for the stepper motor by a local engineering 
company (Christie LTD, Edinburgh). The noise reduced considerably and was 
minimal with the use of ear muffs. 
5.3.3 Summary 
This section has examined the various studies that have used motorised devices for 
assessing joint proprioception. The advantages of a purpose-built motorised device 
have been discussed. In addition, the possible limitations associated with the use of 
motorised devices in children have been highlighted.  
 
The construction work of the device has been discussed in this chapter. For any 
measuring instrument to be clinically accepted, validity and repeatability of its 
measurements must be tested. Therefore, a series of experiments were carried out 
to examine the criterion-related validity and repeatability of the newly developed 
motorised system.  
 
The next section presents validation experiments carried out on the purpose-built 
motorised device.  
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5.4 Equipment Validation 
Measurement tools are important elements of both clinical and research 
assessments (Bower and Ashburn 1998). Clinical measures are used to provide 
continual re-evaluation of effectiveness of treatment intervention and assess the 
ongoing progress or regression of patients (Romain 1993). For any measuring tool 
to provide meaningful information, its measurement must be valid and repeatable 
(Domholdt 2000). Durward et al. (1999) stated that some equipment lacks validity 
and repeatability, thus limiting the generalisability of their measurements. 
Measurement tools can help to demonstrate the effectiveness of treatment in 
children with neuromuscular impairments, activity limitations and participation 
restrictions. Despite the availability of measurement tools, the choice of appropriate 
equipment can be difficult (Jette 1995). Before any measurement tool can be used 
in trials some basic properties of the tool must be established (McGrath et al. 1996).  
 
The issues related to calibration, accuracy and validity of the measurement tools 
used in this study are explored in this section. Investigations related to the validity of 
the measuring tools are also discussed.  
5.4.1 Calibration 
If a measuring tool is to be used we need to know how the output of the device 
relates to the input. Some instruments are pre-calibrated at the time of manufacture 
and there should be a direct relationship between the input and output such that the 
measured and reference values are identical (Durward et al. 1999). It is worth 
checking that a pre-calibrated instrument is responding properly as the response 
may change with time and the device may be damaged or faulty (Durward et al. 
1999). Calibration tests were carried out to establish the accuracy and validity of 
each piece of equipment (myometer, universal goniometer and motorised device) 
used in the present study.  
5.4.1.1 Accuracy 
Accuracy of an instrument is the differences between ‘true’ and ‘measured’ values 
(Durward et al. 1999). This can be referred to as ‘systematic error’ (Allard et al. 
1995). The accuracy of a device is expressed by the error reading between the 
measured value and the reference value and was determined for the instruments 
used in the present study. 
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5.4.1.2 Validity 
According to Domholdt (2000) validity is the degree to which an instrument 
measures what it is purported to measure; the extent to which it fulfil its purpose. 
Validity of a measurement refers to how well the measurement represents the true 
value of the variable that is being measured. For example, the purpose of 
goniometry is to measure joint angle (ROM) (Norkin and White 2003). Therefore, a 
valid goniometric measurement is one that truly represents the actual ROM. 
 
Validity also deals with the accuracy of inferences made from measurements. It 
requires independent knowledge of the ‘true’ value of the variable being measured 
and it is concerned with the relationship between the measurement and the outcome 
being measured. It is believed that validity is not an inherent property of an 
instrument but rather an attribute of a measurement (Sim and Arnell 1993).  
 
There are four main types of validity (Sim and Arnell 1993): criterion-related validity, 
content validity, face validity and construct validity. These are discussed below. 
 
a) Criterion-related Validity: The criterion-related validity of an instrument justifies 
its validity and can be examined by comparing its measurements with a well-
established measurable criterion that is acceptable as the standard indicator of a 
concept (gold standard) of measurement (Sims and Arnell 1993). An instrument that 
gives an accurate representation of the concept or variable, demonstrates criterion-
related validity. Criterion-related validity can be classified into three: concurrent 
validity, predictive validity and prescriptive validity. 
 
b) Content Validity: Content validity determines whether or not an instrument 
adequately measures and represents the domain of content (the substance) of the 
variable being measured. Content validity involves more rigorous and careful 
consideration; it is based on subjective opinion (Norkin and White 2003).   
 
c) Construct Validity: A measure has construct validity if it relates to the theoretical 
considerations of what is purported to be measured with the actual methods and 
tools being used. It is the hypothetical argument for the measurement tool 
(Domholdt 2000). 
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c) Face Validity: A measure has face validity if the measure is judged appropriate 
for the behaviour being measured (Domholdt 2000). 
 
The validation experiments carried out in the present study are presented in the next 
section. 
5.5 Validation Experiments  
5.5.1 Background 
Before data could be collected on the movement of the knee joint, knowledge of the 
measurement characteristics of the measuring tools was necessary. Since data was 
collected during a single session, at different times of the day and between days, it 
was necessary to ensure that the findings of every piece of equipment were 
repeatable during and over these periods. Therefore, the criterion-related and 
repeatability validity of the digital myometer and universal goniometer used in this 
research was investigated on two different occasions (morning and afternoon) and 
on two different days (one week apart). These times were chosen to reflect when 
data was collected in the present study. 
 
Myometer and Universal Goniometer 
The fixed digital myometer (MIE Ltd, Leeds, England) is a device pre-calibrated by 
the manufacturer. Seniorou et al. (2002) reported good test-retest repeatability of 
this myometer in healthy children and children with cerebral palsy (CP) (section 
3.5.5.2). Additionally, van der Linden et al. (2004) have also demonstrated a good to 
excellent test-retest repeatability (average of 6 days apart) of the myometer in 
healthy children and those with CP (section 3.5.5.2). Although the myometer was 
pre-calibrated by the manufacturer, there were no studies found on its validity. 
Additionally, it was not known if the myometer readings would vary over time. 
Therefore, experiments were conducted to investigate the criterion-related validity 
and repeatability (within-day and between-days) of the force measurement by the 
myometer. The validity and repeatability of the angular measurements of the 
universal goniometer were also examined.  
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Known weights (as recorded by a weighing scale) were used to validate the 
myometer, while a Myrin goniometer was employed to validate the universal 
goniometer. Intra class correlation coefficient (ICC) and 95% limits of agreement 
(LOA) were used to determine the criterion-related validity, within-day and between-
days repeatability of these measuring tools (Rankin and Stokes 1998). The results 
of the experiments (validation and repeatability) are presented in Appendix 1. 
 
High ICC values (ranged = 0.92 to 1.00) were obtained for all the measurements 
(Appendix 1). In addition, LOA demonstrated small amount of variation between the 
measurements obtained from the myometer and weighing scale. It also showed little 
variation between repeated measurements (both within-day and between-days) by 
the myometer. LOA also revealed small instrumental variation between the universal 
and Myrin goniometers. Low within-day and between-days measurement error using 
the universal goniometer was also observed. These findings suggested that both the 
myometer and universal goniometer were accurate and valid for measuring force 
and angles respectively. They also indicated good agreement between repeated 
measurements by the myometer and universal goniometer. It is hereby 
acknowledged that these validation and reliability experiments were bench tests, 
and may therefore not be directly applicable to clinical measurement in human 
subjects. However, the findings suggest that the digital myometer and universal 
goniometer are valid and repeatable instruments and were therefore used for 
assessing knee muscle torque and passive ROM respectively. 
 
Motorised Device for Assessing Joint Proprioception  
The need for a purpose-built device for JK and JPS assessment has been 
discussed in sections 4.7. Although many researchers (Barrack et al. 1983c; Skinner 
et al. 1984; Corrigan et al. 1992; Grob et al. 2002) have used motorised devices for 
assessing knee joint proprioception, very little is known about the accuracy and 
validity of the angular velocity and angular displacement of these devices. In order 
to determine the suitability of this instrument for this study and to ensure that it 
provided accurate, valid and repeatable data, a series of experiments were 
conducted to test its criterion-related validity and between-trials repeatability.  
Criterion-related validity of the motorised device was investigated as it helps to 
determine its appropriateness by comparing the measures with an existing 
instrument measuring the same criterion (Gomm et al. 2000). 
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The detailed accounts of the validation and repeatability experiments on the 
motorised device are provided in the following sections.  
5.6 Calibration, Validation and Pilot Experiments on the 
Purpose-built Motorised Device  
The use of motorised devices for assessing knee joint proprioception is becoming 
popular (Grob et al. 2002; Hassan et al. 2002; Roberts et al. 2003; Xu et al. 2003; 
Ferrell et al. 2004; Friden et al. 2006; Ageberg et al. 2007). Despite the wide use of 
these devices, their accuracy and the criterion-related validity of the angular velocity 
and lower leg displacement have not been reported. It is possible that the angular 
velocity of motorised devices and lower leg displacement by this device are 
inaccurate and invalid. This section explores issues related to the accuracy and 
criterion related-validity of angular velocity and angular displacement of the purpose-
built motorised device. It also examines the between-trial repeatability of knee JPS 
assessment in healthy subjects using the device. 
5.6.1 Experiment 1: Angular Velocity Calibration Test of the 
Proprioception Device Stepper Motor 
5.6.1.1 Background 
The angular velocity of a slow speed stepper motor used for the purpose-built 
motorised device was pre-calibrated by the manufacturer (Automated Motion 
Systems PTY. LTD. Australia). Hence, this experiment was aimed at testing the 
accuracy of that angular velocity.  
5.6.1.2 Methods  
The accuracy of the angular velocity of the motor was tested using a digital stop 
clock (MIE, Medical Research Ltd, England) and a video camera recorder (M3000 
Panasonic, Japan). The device and digital stop clock were placed next to each other 
on a table (135 cm high) and were both set at zero (degrees and seconds 
respectively). Then, the video camera recorder was mounted on an adjustable tripod 
stand to the same height (135cm), directly in front of the table. This was done to 
ensure that the video camera was able to capture and record both movement of the 
stepper motor pulley (7.5cm diameter) and the time on the stop clock. They were 
both displayed on a 24 inch television set (Samsung, Japan). 
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At the start of the test, the recording button of the video camera was switched on. 
Then, the pulley of the stepper motor was set to rotate between 00 and 1000 at each 
of the 12 pre-calibrated angular velocities  of the stepper motor, ranging from 0.20/s 
to 60/s (0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1, 2, 3, 4, 5, 6) in a randomised order. It would 
have been better to use a timed switch that could control the device and stop clock 
simultaneously. However, due to time constraints this was not used, instead the 
device and the digital stop clock were both switched on simultaneously by the 
researcher. Once the device reached 1000, the device and the stop clock were both 
stopped immediately. The time taken (as displayed on the digital stop clock) by the 
pulley of the device to rotate through 1000 was recorded at each angular velocity. 
This procedure was performed three times for each angular velocity. The average of 
the three readings by the digital stop clock was calculated as the time taken for the 
device to rotate through 1000. The angular velocity was calculated by dividing the 
angular rotation (degrees) by the time (seconds) using the formula below:  
                 
  Angular velocity (AV) =     Angular rotation (0)                                      Equation 5.1 
                                                   Time (s) 
The agreement between the angular velocity of the device and the measurements 
obtained from the stop clock was examined using ICC and limits of agreement 
(Rankin and Stokes 1998). 
5.6.1.3 Results 
The angular velocity of the device and the measured values obtained from the stop 
clock are illustrated in Figure 5.3a. The Bland and Altman plot of agreement 
between the mean angular velocity of the two devices and their difference is shown 
in Figure 5.4. Figure 5.3a shows a linear relationship between the angular velocity of 
the two device and that derived from the stop clock. From Figure 5.4, the mean 
difference between the devices was small (0.010/s). Additionally 95% limits of 
agreement revealed that the confidence interval of the mean difference between the 
devices range between -0.060/s to 0.070/s. Moreover, this figure revealed that in all 
cases but one, the difference between the angular velocity obtained from both 
devices was within the 95% confidence interval. Furthermore a high ICC value of 
1.00 was obtained between the measuring devices.  
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Figure 5.3: Angular Velocity of the Motor Plotted Against angular velocity 
derived from the Stop Clock. Y = a + bX; where Y = predicted score, a = 
intercept constant and b = regression coefficient.  
 
        
-0.16
0.14
0.21 2.21 4.21
Mean angular velocity for the device and stop 
clock (0/s)
D
iff
er
en
ce
 b
et
w
ee
n 
an
gu
la
r 
ve
lo
ci
ty
 fo
r t
he
 m
ot
or
is
ed
 d
ev
ic
e 
an
d 
st
op
 c
lo
ck
 (0
/s
)
Mean Difference Mean + 2SD Mean - 2SD
 
Figure 5.4: Bland and Altman Plot of Agreement between Mean Angular 
Velocity of the two Devices  
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5.6.1.4 Discussion 
The intraclass correlation coefficient (ICC) is a measure of relative error which 
includes systematic bias while LOA can be used to calculate absolute agreement 
expressed in the unit of measurement (Rankin and Stoke 1998; Bland and Altman 
1986). LOA provides a 95% range of error for two instruments, i.e. a real change 
between them which will be outside the LOA. The smaller the range, the better the 
agreement is between the methods (Bland and Altman 1986). LOA revealed that the 
mean difference between the angular velocities of the two devices was around zero 
and was included in the 95% confidence interval. This suggests that there was no 
systematic change in the mean angular velocities measured by the devices. In 
addition, the range of LOA was small, thus implying that there was a low random 
error in the angular velocity of the motorised device. It is possible that there could 
have been human error in the way the device and the stop clock were controlled by 
the researcher which could be avoided in the future by using a timed switch. 
However, the results of this experiment showed that there was an excellent 
agreement between the angular velocities obtained from the two devices. Therefore, 
this experiment suggests that the angular velocity calibration of the stepper motor 
for the purpose-built motorised device was accurate.  
5.6.1.5 Conclusion 
Given the results of this experiment it would appear that the slow speed motor can 
be used to produce constant angular velocity with minimal systematic and random 
errors. The author therefore accepted the purpose built motorised device as a valid 
and accurate instrument that can be used to produce constant angular velocity.  
5.6.2 Experiment 2: Criterion-related Validity of Angular Velocity 
of the Limb Support (under an unloaded condition)  
5.6.2.1 Background 
In section 5.2 the researcher justified the need for the development of a purpose-
built motorised device for assessing JK and JPS. The previous section (5.6) has 
demonstrated that the angular velocity of the stepper motor was accurate. The 
motor was specially adapted for use in the present study. Since the radius of the 
pulley (20cm) which the limb support was attached to was different from that of the 
stepper motor (7.5cm) it was envisaged that the angular velocity of the the limb 
support would be different. This experiment was designed to determine the angular 
velocity of the limb support.       
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 5.6.2.2 Methods 
The angular velocity of the limb support was validated using the VICON camera 
system and a universal goniometer (Jamar, USA). Two 50cm plastic rulers were 
attached to the universal goniometer (one to each arm), using a double-sided tape 
(Niceday, UK). The VICON camera system was calibrated. Then, three reflective 
markers (14mm diameter) were attached to the goniometer using the double-sided 
tape (one to the centre of the goniometer and one each to the distal end (5cm) of 
the attached rulers). The immovable arm of the goniometer was aligned with the 
edge of an adjustable plinth and attached to it using double-sided tape. The centre 
of the goniometer was aligned with the centre of rotation of the driving shaft of the 
motorised device and was secured to it using double-sided tape. The moveable arm 
was attached to the limb support such that it was in alignment with the aluminium 
frame.  
 
At the start of the test, the device was set to rotate from 00 to 1000 at 12 specified 
angular velocities on the stepper motor ranging from 0.20/s to 60/s (corresponding to 
approximately 0.080/s to 2.20/s of the limb support) in a randomised order. Once the 
device reached 1000, the device and the VICON were both stopped immediately. 
The measurement was taken three times and the mean time taken by the device to 
rotate at each angular velocity through 1000, as captured by the VICON was 
calculated. Data analysis was same as in section 5.6.1.2.  
5.6.2.3 Results 
The relationship between angular velocity of the motorised device and the measured 
values obtained from VICON are shown in Figure 5.5. The relationship between the 
mean angular velocity of the two measuring devices and their difference is illustrated 
in Figure 5.6. The mean difference between the devices was 0.020/s. 95% limits of 
agreement revealed that the confidence interval of the mean difference between the 
devices range between -0.020/s to 0.050/s. A high ICC value of 1.00 was obtained 
between the measuring devices. The results also showed that the ratio of the 
angular velocities of the limb support to those of the stepper motor was 
approximately 10/s:2.670/s. 
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Figure 5.5: Angular Velocity of the Device (Unloaded) Plotted Against VICON.  
Y = a + bX; where Y = predicted score, a = intercept constant and b = 
regression coefficient. 
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Figure 5.6: Bland and Altman Plot of Agreement between the Mean Angular 
Velocity of VICON and the Device with a Larger  
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5.6.2.4 Discussion 
The results of this experiment showed an excellent agreement existed between the 
angular velocity of the limb support and that measured by the VICON. LOA revealed 
that the mean difference between the angular velocities of the devices was around 
zero and within the 95% confidence interval. This implies that a low systematic error 
was observed in the angular velocities measured. The range of LOA was small and 
suggests that there was a low random error in the angular velocity of the motorised 
device. These findings therefore, suggest a high degree of accuracy of the angular 
velocity of the purpose-built motorised device after modification. The lower angular 
velocity values recorded for the limb support were due to the larger pulley used for 
the limb support. This suggests that the limb support will require more time to move 
through a specified angular distance than the stepper motor.  
5.6.2.5 Conclusion 
The findings of this investigation demonstrated that the angular velocity of the slow 
speed motor after modification was accurate suggesting that the device can be used 
to produce angular velocity with minimal systematic and random errors. It is 
acknowledged that constant angular velocity of the motorised device was not 
validated over time period in the present study therefore it is unknown whether there 
were any inertia effects on the device or not. Given this reason, it possible that the 
method used in this experiment produced data on average speed. In a future study, 
it might be useful to check whether motorised devices produce constant angular 
velocities by using the VICON system or electrogoniometer. Based on the 
assumption that motorised devices are designed to produce constant angular 
velocity and because of the findings of the present experiment, the investigator 
accepted the purpose-built motorised device as a valid and accurate instrument that 
can be used to produce constant angular velocity. Therefore, it was important to 
determine the accuracy of the angular velocity of the device when used to lift 
humans’ lower limbs.  
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5.6.3 Experiment 3: Criterion-related Validity of Angular Velocity 
of the Limb Support with Human Limbs in Situ 
5.6.3.1 Background 
Experiments 1 and 2 above demonstrated that the angular velocity calibration of the 
motorised device before and after modifications was accurate. It was possible that 
the angular velocity of the device would change when under a loaded condition, 
such as when it is being used to move a human lower limb. Therefore, this 
experiment was designed to determine the accuracy and criterion-related validity of 
angular velocity of the device with human limbs in situ. 
5.6.3.2 Methods 
Four healthy subjects (2 adults and 2 children, mean age 26 + SD 12.7 years) were 
recruited from the students and children of staff of the University, following ethical 
approval from QMU Ethics Committee. Informed written consent was obtained from 
the participants. The test limb was determined in a randomised order by telling each 
subject to pick a piece of paper from an envelope containing two pieces of paper 
(each piece had right or left written on it). Subjects sat on an adjustable plinth with 
their lower legs hanging freely and knee joint in 90° flexion. The lateral knee joint 
axis (femoral condyle) was located and was aligned with the centre of rotation of the 
driving shaft of the device (Marks 1994; Xu et al. 2004). The subject’s lower leg was 
supported in a padded limb support and was secured with Velcro straps. The 
Experimental set up was similar to Figure 5.9 in section 5.6.6. A pilot study revealed 
a significant angular measurement error when the VICON system was used to 
validate the angular velocity of the device under the loaded condition. This error was 
believed to be due to skin movement that may be associated with marker 
placement. As a result, the VICON system was rejected and a digital stop clock 
(MIE Ltd, Leeds, England) and the device’s protractor were used to validate angular 
velocity in this experiment.   
 
At the start of the test, the motorised device moved the test limb from a pre-
determined angle of 900 of knee flexion to 00 at each angular velocity ranging from 
approximately 0.080/s to 2.20/s on the limb support (corresponding to 0.20/s to 60/s 
on the stepper motor) in a randomised order. Once the device reached 00, the 
device and the clock were both stopped immediately. The measurement was taken 
three times and the mean time taken by the limb support to move (with the subject’s 
limb in situ) at each angular velocity through 900, as recorded by the clock was 
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calculated. The procedure was the same as in section 5.6.2 except that the limb 
support was in situ in this experiment. Data analysis was also the same as in section 
5.6.2. The starting angle of 900 knee flexion was chosen as knee JPS test had been 
tested using this starting angle (Carter et al. 1994; Hurley et al. 1998; Selfe et al. 
2006). 
5.6.3.3 Results 
Table 5.2 displays the characteristics of the participants. Angular velocity of the 
motorised device under unloaded and loaded conditions is shown in Figure 5.7. 
Bland and Altman plots of agreement between the mean angular velocity of the 
device under these conditions and the differences between the conditions are 
illustrated in Figure 5.8. The mean difference of the angular velocity was 0.0030/s. 
95% LOA revealed that the confidence interval of the mean difference between the 
two conditions ranged from -0.020/s to 0.020/s. An ICC value of 1.00 was obtained 
between the two conditions.  
 
Table 5.2: Characteristics of the Participants (n = 4; 2 adult and 2 children) 
 Age (years) Weight (kg) Height (cm) 
Mean 
SD 
Range 
26 
12.7 
8 - 37 
59 
23.4 
30 - 84 
160.3 
20.9 
130 - 176 
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Figure 5.7: Angular Velocity of the Motorised Device Under Loaded and 
Unloaded Conditions. Y = a + bX; where Y = predicted score, a = intercept 
constant and b = regression coefficient.  
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Figure 5.8: Bland and Altman plot of agreement between the mean angular 
velocity under unloaded and loaded conditions 
5.6.3.4 Discussion 
The results of this experiment showed that the angular velocity of the motorised 
device when loaded with human lower limbs was valid and accurate. LOA revealed 
that the mean difference between the angular velocities under the two conditions 
(loaded and unloaded) was around zero and within the 95% confidence interval. 
This suggests that there was no systematic change in the mean angular velocities 
measured under the two conditions. LOA was also found to be small suggesting that 
there was a low random error in the angular velocity under the two conditions. 
Therefore, this investigation suggests that the angular velocity of the purpose-built 
motorised device when loaded with subjects’ lower limbs was accurate and valid. 
Since the magnitude of error under these conditions was marginal, it can be 
assumed that the motorised device is capable of producing constant angular velocity 
under these conditions. 
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5.6.3.5 Conclusion 
This experiment provides evidence that the angular velocity of a purpose-built 
motorised device, when loaded with human lower limbs was valid and accurate. 
Based on this investigation the device has the ability to be used to move human 
lower limb at a constant angular velocity during joint proprioception assessment. 
Given the findings of this experiment, the investigator accepted and used the device 
for examining human knee joint proprioception. Therefore, to establish the clinical 
utility of this device for assessing JK and JPS, the criterion-related validity of its 
angular displacement was investigated as reported in the following section.  
5.6.4 Experiment 4: Criterion-related Validity of Angular 
Displacement of the Limb Support (Unloaded) 
5.6.4.1 Background 
Previous experiments (1, 2, and 4) have shown that the angular velocity of the 
motorised device before modification, unloaded and loaded was accurate. However, 
for the measurements of this device to be considered valid, it must be able to 
measure what is purported to measure. There was the possibility that angular 
displacement of the motorised device might not have been accurate due to its 
modification. Therefore, the criterion-related validity of angular displacement of the 
limb support was investigated.  
5.6.4.2 Methods 
The validity of angular displacement of the limb support was established using the 
VICON camera system and a universal goniometer (Jamar, USA). The experimental 
set-up including marker placement was the same as in section 5.6.2. The VICON 
camera system was used to capture the set-up and the angle on the universal 
goniometer was recorded. Thereafter, the moveable arm of the goniometer was 
moved by the device from a starting position of 900 to 10 pre-determined angles 
(ranging from 900 to -100 in 100 increments) at each specified angular velocity 
ranging from 0.080/s to 2.20/s in a randomised order. Once the device reached the 
pre-determined angle, the investigator stopped the device using the response 
button. Then, the VICON was used to capture the universal goniometer in that 
position. This procedure was performed three times for each angle. The average of 
the three readings (angular displacement) captured by the VICON calculated by 
polygon (VICON software) was taken as the angular displacement. Data analysis 
was same as in section 5.6.2. 
 151 
 
5.6.4.3 Results 
The angular displacement of the motorised device and VICON are demonstrated in 
Figure 5.9. Figure 5.10 shows the Bland and Altman plot of agreement between 
mean angular displacements of the two devices and the difference between them. 
From Figure 5.6b, the mean difference between the devices was small (-0.340). 
Additionally, from this Figure (5.6b) 95% LOA revealed that zero lies between the 
95% confidence interval (-2.040 and 1.370) of the mean difference between the 
measuring devices. The angular displacement of the VICON system was sometimes 
higher than that those of the motorised device. Furthermore, a high ICC value (ICC 
= 0.96) was obtained between the measuring devices.  
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Figure 5.9: Angular displacement of limb support (unloaded) plotted against 
VICON. Y = a + bX; where Y = predicted score, a = intercept constant and b = 
regression coefficient.  
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Figure 5.10: Bland and Altman plot of agreement between angular 
displacement and the differences between the measuring devices. 
5.6.4.4 Discussion 
LOA revealed that the mean difference between the angular displacement on the 
VICON and the universal goniometer was around zero and within the 95% 
confidence interval. This implies that there was no systematic change in the mean 
angular displacement measured by the devices. The range of LOA was small and 
suggests that there was a low random error in the angular displacement of the lower 
limb support as measured by the universal goniometer and the VICON. Given these 
findings, the experiment showed an excellent agreement between the angular 
displacements measured by the two measuring devices. Using the VICON as a gold 
standard, the results revealed a low measurement error. This suggested that a high 
degree of accuracy of angular measurements can be obtained using the purpose-
built motorised device.         
5.6.4.5 Conclusion 
This investigation demonstrated that angular displacement of the purpose-built 
motorised device was accurate. Based on the results, it appears that angular 
displacement of the limb support during knee joint proprioception assessment may 
be accurate with minimal error. It seems that the device could be used for knee 
angular displacement measurement during proprioception assessment. Therefore, it 
was used by the researcher in the present study to determine JK and JPS in healthy 
children and children diagnosed with HMS.     
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5.6.5 Experiment 5: Validity of the Angles of a Photocopied 
Protractor 
5.6.5.1 Background 
Experiment 4 above showed that there was an excellent agreement between the 
VICON camera system and the motorised device for measuring angular 
displacement under an unloaded condition. For purpose of standardisation and ease 
of measurement of angular displacement during JK and JPS assessment, the 
protractor for the universal goniometer previously validated (see Appendix 5.2) was 
photocopied and attached to the outer part of each wooden board of the motorised 
device. The incremental angle of the photocopied protractor might have been 
altered during the process of photocopying. Hence, this experiment was aimed at 
investigating the accuracy of the photocopied protractor (PP).   
5.6.5.2 Methods 
The accuracy of angular measurement of the PP attached to the motorised device 
was established using the VICON camera system. The VICON camera system was 
calibrated (section 5.6.2.2) prior to data collection. The back of the PP was attached 
to a wooden board (120cm high and 30cm wide) with double-sided tape (Niceday, 
UK). Then reflective markers (2mm diameter) were attached to the PP (from -100 to 
1000, at 100 interval) using double-sided tape. The wooden board was erected using 
a tripod stand. Thereafter, the PP was captured with the reflective markers on it. The 
corresponding angles on the VICON and the PP were recorded. The agreement 
between the measurements obtained from the measuring instruments was 
examined using ICC and limits of agreement. 
5.6.5.3 Results 
The angular measurements of the photocopied protractor and VICON are 
demonstrated in Figure 5.11. The Figure illustrates a linear relationship between 
these devices. Figure 5.12 shows the Bland and Altman plot of agreement between 
mean angular measurements of the two measuring tools and the difference between 
them. From Figure 5.12, the mean difference between the angular measurements 
obtained from both devices was small (-0.160). Additionally, with the exception of 
two cases, the measured angles are within the 95% limits of agreement. Moreover, 
from the Figure (5.7b) 95% LOA reveal that zero lies between the 95% confidence 
interval (-0.690 and 0.360) of the mean difference between the measuring devices. 
The angular measurements of the VICON system were sometimes higher than 
 154 
 
those of the photocopied protractor. Furthermore a high ICC value (ICC = 0.97) was 
obtained between the measuring devices.  
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Figure 5.11: Photocopied Protractor Plotted Against VICON. Y = a + bX; where 
Y = predicted score, a = intercept constant and b = regression coefficient.  
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Figure 5.12 Bland and Altman Plot of Agree between the Mean and Angular 
Measurements of the Devices (PP and VICON) and their Differences  
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5.6.5.4 Discussion 
The results of this test showed an excellent agreement between the angular 
measurements obtained from the PP and VICON system. In addition, low systematic 
error existed between the measuring instruments. The findings of this experiment 
also revealed that a low random error was associated with the angular 
measurements using the photocopied protractor. There was a tendency that VICON 
cameras would systematically give higher readings than the photocopied protractor. 
The differences between these devices were small indicating good agreement 
between the angular measurements obtained from the two devices. However, given 
that 95% of the measured output was within -0.690 and 0.360 this experiment 
suggests that angular measurements using the protractor are valid and accurate.         
5.6.5.5 Conclusion 
The results of this test demonstrated that angular measurement of the photocopied 
protractor was accurate. It appears that the photocopied protractor would be a 
useful device for angular measurements with minimal error. Consequently, a 
photocopied protractor was used by the researcher in the present study to measure 
angular displacement of the knee joint during proprioception testing in healthy 
children and children diagnosed with HMS.  
5.6.6 Experiment 6: Criterion-related Validity of Healthy Subjects’ 
Lower Leg Displacement Using the Motorised Device  
5.6.6.1 Introduction  
Only the study by Barrack et al. (1983c) investigated JK and JPS in children. 
Experiment 4 in section 5.6.4 of the thesis demonstrated an excellent accuracy of 
the angular displacement of the purpose built motorised device. Because the 
flexion-extension axis of the knee changes during knee movement (Snyder-Macker 
and Lewek 2006) it is difficult to maintain a correct alignment between the axis and 
the centre of rotation of the driving shaft of the device testing (Lehmkuhl and Smith 
1983). Additionally, the examined knee joint may not produce a simple hinge-like 
movement. Consequently, displacement of the lower leg and that of the limb support 
attached to the motorised device may be different. This may lead to confounding 
results obtained during knee joint proprioception. The aim of this experiment was to 
investigate the criterion-related validity of the lower leg displacement on the 
purpose-built motorised device. 
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5.6.6.2 Methods 
A convenience sample of 12 healthy subjects (6 adults and 6 children) participated 
in the experiment. None of the subjects had a history of knee injuries. The purpose 
and procedure of the study were explained to each participant. The study was 
approved by QMU, Edinburgh Ethics Committee and the Education Department of 
the City of Edinburgh Council. Informed written consent was obtained from all 
participants and parents of the participating children. Full details of recruitment are 
described in chapter 7 of this thesis.  
 
To validate the motorised device as a measurement tool that can produce accurate 
lower leg displacement, a gravity dependent Myrin goniometer® (LIC Rehab, 
Sweden) (Figure 5.13) was used. The subject’s test limb was determined in a 
randomised order using computer randomisation (SPSS). Each subject sat on an 
adjustable plinth with their lower leg placed in a padded support, while the centre of 
rotation of their knee joint (lateral femoral condyle) (Marks 1994; Xu et al. 2004) was 
carefully aligned with the centre of rotation of the driving shaft of the device (Marks 
1994). The Myrin goniometer® (Figure 5.14) was then attached to the subject’s lower 
leg just above the ankle (medial aspect of the test limb just above the medial 
malleolus) by means of a Velcro® strap (Angelopoulou et al. 1991). Subjects were 
instructed to relax and not move throughout the testing procedure.  
                                   
 
Figure 5.13: The Myrin Goniometer (illustration by Steve Kelly, Manchester 
Metropolitan University)  
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The subject’s knee was then passively moved into extension (00 of knee extension) 
by the investigator using the motorised device. The Myrin goniometer® was reset to 
zero (before each measurement) such that the pendulum arrow coincided with the 
zero index mark (Tong 1983). The subjects’ limb was then moved at a constant 
angular velocity of 2.20/s to each of ten predetermined reference angles from 00 to 
900 in a randomised order, and the value on the Myrin goniometer® corresponding to 
each lower leg displacement (angle) was recorded. The procedure was repeated 
three times and the mean value for each lower leg displacement measured by the 
Myrin goniometer was calculated. Angular velocities of 100/s (Barrack et al. 1983a; 
1983b; 1983c; Skinner et al. 1984; Friden et al. 1997) and 30/s (Tsang and Hui-
Chan 2003; 2004; Xu et al. 2004) have been used for knee JPS testing using 
motorised devices. The motorised device used in the present study had a maximum 
angular velocity of 2.20/s. Therefore, subjects’ limbs were moved by the motorised 
device at this angular velocity.  
 
 
Figure 5.14: Experimental set-up during validation test for lower leg 
displacement (illustration by Steve Kelly, Manchester Metropolitan University) 
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Angles of 00 to 900 degrees were chosen because knee joint proprioception is 
usually tested within this range (Carter et al. 1994; Hurley et al. 1998; Selfe et al. 
2006) and because they are within the functional range of motion (Bullock-Saxton et 
al. 2001). The Myrin goniometer® was used to validate the device because gravity 
dependent goniometers such as inclinometers (Garsden and Bullock-Saxton 1999)  
and Leighton Flexometer® (Thompson et al. 2003) have been used previously to 
assess knee JPS. Moreover, it was convenient for the participants. The VICON 
system was previously used by the researcher to validate the angular displacement 
of the motorised device under an unloaded condition (section 5.7.2). However, 
VICON was not used in this experiment because of the associated skin movement 
observed in a pilot experiment. The pilot experiment revealed that the experimental 
set up using VICON was inconvenient for the participants in terms of practical 
application. In addition, the experiment was time-consuming using the VICON. 
Moreover, unpublished results (Appendix 1) during the research revealed a high 
correlation between the Myrin and universal goniometers®. Data analysis was also 
carried out using ICC and 95% LOA (Rankin and Stokes 1998). 
5.6.6.3 Results 
The characteristics of the participants are shown in Table 5.3. Lower leg 
displacement of the motorised device and Myrin goniometer® are demonstrated in 
Figure 5.15. Figure 5.16 shows the Bland and Altman plot of agreement between 
mean angular displacements of the two measuring tools and the difference between 
them. From Figure 5.16, it can be seen that the difference between the devices was 
small (0.240) and within the 95% confidence interval. Additionally, from this Figure 
(5.15) 95% LOA revealed that 95% confidence interval of the difference between the 
devices ranged from -0.32 to 0.80. A high ICC value (ICC = 1.00) was obtained 
between the measuring devices. 
  
Table 5.3: Characteristics of the subjects (n = 12; 6 adults and 6 children) 
 Age (years) Body weight (kg) Height (cm) 
Mean 
SD 
Range 
19.1 
8.4 
8 - 30 
59.3 
18.5 
27 - 9 
156.8 
15.1 
130 - 173 
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Figure 5.15: Lower leg displacement on motorised device plotted against 
Myrin goniometer. Y = a + bX; where Y = predicted score, a = intercept 
constant and b = regression coefficient. 
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Figure 5.16: Bland and Altman plot of agreement showing the mean lower leg 
angular displacement and differences between the two measuring devices  
 160 
 
5.6.6.4 Discussion 
LOA revealed that the mean difference between the lower angular displacement on 
the Myrin goniometer® and that measured by the motorised device was around zero 
and within the 95% confidence interval. This suggests that there was no systematic 
change in the mean lower limb angular displacement measured by the measuring 
instruments. The range of LOA was small and implies that there was a low random 
error in the lower limb angular displacement measured by the Myrin goniometer® 
and the motorised device. The results therefore revealed an excellent agreement 
between the angular displacements measured by the instruments. Since 95% LOA 
of the  difference in measured output were within 0.240, indicating minimal variation, 
the motorised device appeared to be measuring the same variable as the Myrin 
goniometer®.  
 
In the present experiment, a mean difference of 0.240 was recorded between lower 
leg angular displacement on the device and the Myrin goniometer®. Additionally, the 
95% limits of agreement obtained in the previous experiment (section 5.6.4) ranged 
from -2.040 and 1.370 and it ranged from -0.320 to 0.800 in the present experiment. 
Moreover a high ICC value (ICC range = 0.96 to 1.00) was observed in the two 
experiments. These findings show that lower leg displacement and the movement of 
the limb support are in agreement indicating that the knee joint was properly aligned 
with the driving shaft of the device during movement. Based on these findings, it can 
be suggested that the angular displacement of the knee joint may not be different 
from that of the limb support of the device. However, this is just a presumption as 
the subjects’ thighs were not strapped to the plinth during limb movement. This 
could have resulted in movement at the hip joint that may have affected the angular 
displacement at the knee joint.   
5.6.6.5 Conclusion 
The results of this investigation demonstrated that lower leg angular displacement of 
the motorised device is valid. Given the findings of this investigation, it seems that 
the purpose-built motorised device can be used to produce lower leg displacement 
accurately, with very minimal systematic and random errors. One potential limitation 
of the present experiment is that the lower leg displacement at the knee joint might 
have been affected by hip movement. Future study should be carried out to 
investigate the angular displacement of the knee joint on the device using two Myrin 
goniometers (one on the thigh to measure hip movement and the other above the 
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ankle for measuring knee joint angle) or a more sensitive measurement tool. Despite 
this limitation, the device was used by the researcher for assessing knee joint 
proprioception. Consequently, the between-trials repeatability of knee JPS 
assessment in healthy children was investigated using motorised device. The 
detailed account of the investigation is given in the following section.  
5.6.7 Experiment 7: Between-trials Repeatability of Knee Joint 
Position Sense (JPS) Assessment in Healthy Subjects Using the 
Motorised Device 
5.6.7.1 Background 
The previous section demonstrated excellent accuracy and criterion-related validity 
of angular displacement of the motorised device. Hence the device may be a useful 
instrument for assessing knee joint proprioception in children and patients with 
impaired muscle contraction affecting their examined limb. To determine the clinical 
utility of the device the between-trials repeatability of the device needed to be 
assessed.  
 
At present, there is no standardised method of assessing knee JPS. Selfe et al. 
(2006) investigated the effect of number of trials during JPS in adults with 
patelofemoral syndrome using a dynamometer and recommended that five to six 
trials were needed before JPS data stabilised. To date, learning effects in healthy 
subjects during JPS assessment using motorised device have not been 
investigated. Studies of JPS with motorised devices by Barrack et al. (1983c), 
Skinner et al. (1984) and Corrigan et al. (1992) made no reference to practice trials 
before their test trials. On the other hand, authors like Friden et al. (1997) 
administered three practice trials, although they did not explain how they arrived at 
this number of trials. Similarly Grob et al. (2002) gave practice trials before the 
actual test trials but they did not indicate the number of trials administered. It is 
unknown whether there will be a change in absolute angular error (AAE) across a 
series of test trials following a set of practice trials at the same test angles. Hence, 
the aim of this experiment was to investigate the between-trials repeatability of 
healthy subjects during knee JPS assessment using a motorised device.  
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5.6.7.2 Methods 
Ethical approval was obtained from QMU ethics committee. 10 subjects (age range 
7-31 years, 5 adults and 5 children) were recruited from the student population and 
children of staff at QMU. Informed written consent was obtained from all the 
participants. Parents of the participating children also consented to their children 
participating in the study. The purpose-built motorised device was used to assess 
JPS. Each subject received verbal explanation of the testing procedure. Subjects sat 
on an adjustable plinth with the test knee at 90° flexion. The knee joint axis (lateral 
femoral condyle) was aligned with the centre of rotation of the driving shaft of the 
device (Mark 1994; Xu et al. 2004) and the lower leg placed in the padded limb 
support attached to the motorised device.  
 
The leg was passively moved by the device at a constant angular velocity of 2.2°/s 
to one of two different angles (25° and 10° knee flexion - the first angle tested was 
randomly selected). These angles were selected because they are believed to be 
within the working range of the knee during functional and weight-bearing activities 
(Barrett et al. 1991). Subjects were required to press a response button as soon as 
the target angle was sensed. To familiarise the participants with the test protocol, 
three practice trials, where the investigator stopped the device at the target angle, 
were performed with the subjects’ eyes open. Subjects then closed their eyes and 
performed five test trials, pressing the response button themselves. Once one angle 
was tested, the process was repeated using the remaining angle. The absolute 
angular error (AAE) (the absolute difference between the target angle and the 
perceived angle) was calculated for each of the five trials for the two target angles 
for each subject. Due to the non-parametric nature of the data, statistical analysis 
was performed using Friedman tests and Wilcoxon signed-rank tests. 
5.6.7.3 Results 
The characteristics of the participants are shown Table 5.4. Figure 5.17 shows the 
combined AAE for the two target angles. AAE for the two target angles in adults and 
children are illustrated in Figure 5.18 and 5.19 respectively. Significant differences 
were found between the 5 trials for both target angles in the combined group (p < 
0.001). Significant differences between the 5 trials were also found at both target 
angles in children (25° p= 0.022; 10° p= 0.008) and adults (25° p= 0.003; 10° p= 
0.001), respectively. The summary of results of Friedman and Wilcoxon signed rank 
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tests are illustrated in Table 5.5. Appendix 4.1 illustrates the summary of the findings 
of this experiment, presented as a conference paper. 
 
Table 5.4: Physical characteristics of the subjects (n = 10; 5 adults and 5 
children) 
 Age (years) Height (cm) 
Mean 
SD 
Range 
19.1 
8.6 
7 -31 
158.2 
14.6 
130 - 173 
  
             Table 5.5: Results of Friedman’s and Wilcoxon signed rank tests       
 Children (n = 5) 
  250         100 
Adults (n = 5) 
   250         100 
Combined (n = 10) 
    250             100 
Overall 
Trial 1 vs. 2 
Trial 2 vs. 3 
Trial 3 vs. 4 
Trial 4 vs. 5 
0.022*   
0.006 
0.020 
0.053 
0.564 
0.008* 
0.026 
0.016 
0.202 
0.102 
0.003* 
0.039 
0.655 
0.059 
1.000 
0.001* 
0.043 
0.066 
0.102 
0.180 
<0.001* 
0.041 
0.357 
0.414 
0.317 
<0.001* 
0.039 
0.102 
0.593 
0.414 
Significant p values are indicated in boldface, * are Friedman’s p values.          
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Figure 5.17: Mean (+ SD) absolute angular error at the two target angles in 
adults and children combined (n = 10) 
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Figure 5.18: Mean (+ SD) absolute angular error at the two target angles in 
children (n = 5) 
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Figure 5.19: Mean (+ SD) absolute angular error at the two targets angles in 
adults (n = 5) 
5.6.7.4 Discussion 
The between-trials repeatability study of JPS tests showed that absolute angular 
error (AAE) decreased from trial 1 to trial 5 at both target angles (both p <0.001). 
This suggests a possible learning effect taking place in healthy subjects during JPS 
assessment using the purpose-built motorised device. The same trend was also 
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observed when the study participants were grouped into adults (p < 0.001) and 
children (p < 0.001). There was no difference between trials 2 and 3 or later trials in 
the combined group suggesting that learning effects had stopped at the second trial. 
An alternative explanation for this observation may be that the present experiment 
was underpowered. No previous studies were found examining the between-trials 
repeatability of knee JPS test using a motorised device. The present findings are 
similar to those of Selfe et al. (2006). They found that passive knee JPS stabilised 
after five to six repetitions, using a dynamometer. 
 
Marks (1994) reported a lack of within-session (two trials within a day) and between-
sessions (3 sessions of 3 days interval) difference of active JPS tests in 16 healthy 
women (mean age 31.1 years). Garsden and Bullock-Saxton (1999) were unable to 
detect significant difference across six trials (within-session). They assessed active 
knee JPS in 20 patients with knee osteoarthritis and 20 aged-matched controls. 
Repeated measures analysis of variance showed that there was no trend across the 
repeated measurements of JPS at 20° and 40° knee flexion. It is believed that 
stabilisation is achieved more quickly during active than passive JPS test which may 
be due to greater level of peripheral afferent information generated during the active 
test compared to passive (Selfe et al. 2006). Therefore, the likely reason for these 
differences may be that active knee JPS was examined by Marks (1994) and 
Garsden and Bullock-Saxton (1999) while passive knee JPS was tested in the 
present study.  
Additionally, the findings of the present investigation contrast with the observations 
of Ludon (2000) who investigated knee JPS at 100, 300 and 600 in twenty-four 
women (aged 24 years) with genu recurvatum who participated in various exercise 
activities at least 3 times a week. Ludon (2000) examined within-session 
repeatability of JPS through a weight-bearing method and found that AAE increased 
across trials for the 300 and 600 target angles. However, no significant difference 
was found between trials at a target angle of 100. Although the level of physical 
activity of the participants was not recorded in the present study, it is possible that 
the observed differences may be the result of the weight-bearing method and the 
level of physical activity of the subjects used, since exercise training has been found 
to improve joint proprioception (Aston-Miller et al. 2001; Ferrell et al. 2004). In 
addition, it is possible that the weight bearing method used in the study by Ludon 
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(2000) could also have led to muscle fatigue during repeated measurements of JPS 
and hence, the increased AAE. 
 
The findings of the current investigation revealed that learning effects may be 
associated with JPS assessment in healthy subjects using a motorised device. The 
results of the present experiment imply that a quick one-off JPS assessment may 
not reveal individual’s JPS acuity. This phenomenon therefore highlights the 
importance of adequate familiarisation of subjects to the test protocol during 
proprioception assessment. The learning effects observed in this experiment would 
be taken into consideration in the development of a protocol for knee joint 
proprioception assessment in this thesis. 
5.6.7.5 Conclusion  
AAE in healthy subjects during JPS testing using the device has been demonstrated 
to decrease across trials, suggesting that learning or memorisation effects occurred 
on the part of the participants. To minimise measurement error that may result from 
this phenomenon during knee JPS assessment, it might be necessary to administer 
three practice trials during knee JPS assessment. Moreover, at least two test trials 
may be required to demonstrate the actual proprioceptive ability in healthy children. 
The findings of this experiment were used for designing a detailed protocol of knee 
joint proprioception assessment for the clinical study in this research. 
5.6.8 Between-days Repeatability of Reflective Marker Placement 
and Knee ROM during Walking in Healthy Subjects 
5.6.8.1 Introduction 
The need for gait analysis in children diagnosed with HMS has been discussed in 
section 4.6. Moreover, the need for a quantitative gait analysis method such as the 
computer-aided video-based motion analysis system (VICON) has also been 
examined in section 5.7. The VICON motion analysis system is beginning to gain 
recognition as a valuable tool for gait disabilities assessment and for evaluating 
treatment. Light-weight body surface reflective markers are often used for computing 
joint angle motion (Kadaba et al. 1989). They are usually attached to specific 
anatomic landmarks. The validity of 3D gait analysis data depends on the ability of 
an investigator to place reflective markers correctly on these anatomical landmarks. 
It is also believed that skin movement may lead to significant error, which may result 
in variability in the data obtained (Schache et al. 2002). Hence, to obtain accurate 
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and valid knee motion during walking using the VICON system, accurate marker 
placement is of high importance. This experiment investigated the between-days 
repeatability of reflective marker placement and knee ROM during walking in healthy 
subjects. 
5.6.8.2 Methods  
Following ethical approval obtained from QMU, three healthy subjects (mean age 
14.3 + SD 15.4 years) participated in this experiment. Written informed consent was 
obtained from the participants (parents of the participating children also consented). 
The VICON camera system (Oxford Metrics, England) was calibrated (static and 
dynamic calibration) prior to data collection. Subjects had their weight, height, leg 
length, and width of both knees and ankles recorded.  
 
Fifteen (14mm diameter) infra-red reflective markers were attached to the following 
anatomic locations as instructed by the VICON Clinical Manager manual (Van der 
Linden et al. 2002; Oxford Metrics, England 2004): the sacral marker was placed on 
the mid-point of the line connecting the two posterior superior iliac spines; bilateral 
pelvic markers on both anterior superior iliac spines; and thigh markers on the 
midpoint of the line connecting the greater trochanter and femoral condyle. Knee 
markers were placed on the lateral femoral condyles, shank markers were placed on 
the mid point of the line between the knee joint line and the lateral malleoli, and 
ankle markers on the lateral malleoli. Toe markers were placed between the second 
and third metatarsal head and heel markers on the calcaneum in vertical alignment 
with the toe markers.  
 
Subjects were instructed to stand at the centre of the walkway where the static trial 
was captured. 3D gait data were collected while the subjects walked barefoot along 
a 7m long straight walkway at a comfortable speed. Each subject performed at least 
six trials (Kadaba et al. 1989; Oxford Metrics, England 2004). This procedure was 
repeated a week later. Both testing sessions were performed at the QMU HMAL. 
The agreement between the measurements obtained during the two sessions was 
examined using ICC and LOA (Rankin and Stoke 1998; Ageberg et al. 2007).  
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5.6.8.3 Results 
The characteristics of the subjects are shown in Table 5.6. The Bland and Altman 
plot of agreement between knee kinematics’ measurements obtained during the 
sessions is illustrated in Figures 5.20, 5.21 & 5.22.  Figure 5.23 shows sagittal knee 
joint motion for both limbs during the two sessions. From Figure 5.20, it can be seen 
that the mean difference in knee extension in mid stance between the sessions was 
-0.690. 95% limits of agreement ranged from -12.800 to 11.530. A low ICC value of -
0.07 was found between the repeated measurements of knee extension obtained 
during the two sessions.  
 
From Figure 5.21, the mean difference in knee flexion during the loading response 
between the two measurements was -3.540. Additionally, 95% limits of agreement 
show that zero lies between 95% confidence interval of the mean difference 
between the values obtained during the two sessions (-15.780 to 8.690). This 
suggests that there was no significant systematic change between the repeated 
measurements. A low ICC value (0.34) was also obtained between the two 
measurements. Plot of agreement for maximum knee flexion obtained during the 
sessions is presented in Figure 5.22. The mean difference in maximum knee flexion 
during swing phase between the two measurement sessions was 3.040. 95% LOA 
demonstrated that zero lies between 95% confidence interval (-15.550 to 21.630). 
This also implies that there was no significant systematic change between the 
repeated measurements in swing phase. Furthermore, a low ICC value (0.11) was 
found between the measurement sessions. The mean knee angles obtained at each 
level of the gait cycle during the two sessions were similar (Figure 5.23). However, a 
wide range of confidence interval for the 95% LOA was demonstrated at these 
levels indicating that there was a high random error associated with repeated 
measurements of knee kinematic parameters. 
 
                       Table 5.6: Characteristics of the subjects (n = 3) 
 Age (years) Weight (kg) Height (cm) 
Mean 
SD 
Range 
14.33 
15.37 
4 – 32 
42.33 
8.74 
35 – 52 
139.33 
25.01 
114 – 164 
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Figure 5.20: Average values of knee extension during mid stance plotted 
against the differences between sessions 
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Figure 5.21: Average values of knee flexion during loading response plotted 
against the differences between sessions 
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Figure 5.22: Average values of maximum knee flexion during swing phase 
plotted against the differences between sessions 
 
             
Figure 5.23:  Sagittal knee motion in both limbs during the two sessions  
5.6.8.4 Discussion 
This investigation showed a low systematic and high random error in the three 
angular measurements using VICON system. Based on ICC, a poor agreement was 
observed between knee extension in mid stance, measurements of knee flexion 
during loading response, and maximum knee flexion between the two sessions. 
These findings further revealed that the between-days measurement of sagittal knee 
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motion may be associated with large variation when using VICON camera system. 
This variation may be due to inability of the investigator to consistently locate the 
knee joint axis of rotation. Additionally, it may also be the result of movement of the 
skin overlying the bony anatomical mark (Schache et al. 2002).  
 
Furthermore, it appears that knee extension during walking may be underestimated 
by about 130 or overestimated by about 120 degrees. Knee flexion during loading 
response has the tendency of been underestimated by about -160 or overestimated 
by 90. Additionally maximum knee flexion may be undervalued by about 16 degrees 
or overvalued by about 220.  
5.6.8.5 Conclusion  
The findings of this experiment demonstrated that between-days repeatability of 
reflective marker placement and knee ROM during walking might be associated with 
large random error, which may result in significant errors in the clinical use of 
VICON system. To minimise this variation in marker placement, a standardised 
protocol of marker placement procedure involving the use of a knee alignment 
device (KAD) for locating the knee joint axis may be required. Due to time 
constraints, repeatability experiment was not re-investigated to see if the KAD had 
the desired effect. However, the KAD was used to locate the knee joint axis during 
markers placement when examining the repeatability of the test protocol and in the 
clinical study in this research.   
5.7 Overall Summary 
This chapter has provided a detailed account of the construction of the purpose-built 
motorised device for assessing knee joint proprioception. The accuracy and 
criterion-related validity of this instrument were examined. Additionally, the between-
trials repeatability of JPS test using a motorised device was conducted in healthy 
subjects. Moreover, between-days repeatability of infrared marker placement and 
knee ROM during walking was also examined in healthy subjects. A high accuracy 
and criterion-related validity of the motorised device was demonstrated. However, 
the between-trials repeatability of JPS assessment varied across the trials. AAE 
decreased as trials increased in healthy subjects suggesting that learning effects 
occurred during the assessment. This phenomenon was taken into consideration in 
developing a protocol for knee proprioception assessment of children in this 
research. There was a large variation in the between-days repeatability of marker 
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placement and knee ROM during walking in healthy subjects. Therefore, knee 
alignment devices (KADs - one for each knee joint) were used to improve the 
accuracy of marker placement in this research, by determining the correct knee joint 
centre and joint axis alignment (Besier et al. 2001; Van der Linden et al. 2002).  
 
The between-days repeatability of all the validated measurement tools including the 
VICON system and other outcome measures like the coloured analogue scale 
(CAS) and paediatric quality of life inventory (PedsQL) was determined in healthy 
children and children diagnosed with HMS. The test-retest of the outcome measures 
used in this study and intra-rater repeatability of the present researcher are reported 
in the following chapter. 
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CHAPTER 6 : TEST- RETEST REPEATABILITY OF THE 
ASSESSMENT METHODS  
6.1 Introduction 
Repeatability is the extent to which an instrument can consistently measure the 
same parameter under specified conditions (O’Sullivian and Schmitz 2001). A 
repeatable instrument measures a phenomenon consistently, time after time, 
accurately, predictably, and without variation (O’Sullivian and Schmitz 2001). The 
terms reliability, repeatability, reproducibility, consistency and stability are often used 
interchangeably (Batterham and George 2000), however, to avoid confusion and for 
the purpose of uniformity; the term repeatability is used throughout in this thesis. 
Accurate assessment of clinical outcomes aid proper diagnosis as it helps to identify 
abnormality in children with pathological conditions such as hypermobility syndrome 
(HMS). It also enables the clinician to objectively determine progress or regression 
and to modify any treatment plans accordingly (Thibault et al. 1994). Repeatability is 
a component of validity. There are different types of repeatability. However, only 
those related to the present study i.e. test-retest and intra-rater are discussed below.  
 
6.1.1 Test-Retest Repeatability 
Test-retest repeatability of an instrument is the consistency with which an instrument 
measures the same parameter repeatedly under the same conditions (Domholdt 
2000). This is assessed by taking repeated measurements across the range of 
values expected to be found in actual use of the device (Domholdt 2000). Test-
retest repeatability can be within-day or between-days. 
 
(a) Within-Day Repeatability: Is when an instrument has a strong agreement 
during multiple measurement sessions taken on the same day and under specific 
conditions (Domholdt 2000).  
 
(b) Between-Days Repeatability: This is when an instrument can consistently 
measure the same parameter under specific conditions on different days at the 
same time of day (Domholdt 2000).  
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6.1.2 Intra-Rater Repeatability 
Intra-rater repeatability is the consistency with which a researcher, therapist or 
practitioner measures the same parameter repeatedly under the same conditions 
(Domholdt 2000). Intra-rater repeatability is used to test whether the same 
researcher, therapist or practitioner using the same instrument comes to the same 
conclusions when presented with the same case on two or different occasions 
(Gomm et al. 2000). 
 
Challenges to test-retest or intra-rater repeatability are a combination of random and 
systematic errors (Batterham and George 2000). According to these authors, 
random error refers to ‘noise’ in the measurement or test. Small random error in 
repeated measurements indicates a good repeatability. Systematic error as defined 
by Batterham and George (2000) is the non-random change between testing trials 
or sessions, where for example, all subjects perform consistently better in one trial 
than another. Random error results from several factors, including biological 
variation, causing a change in a person’s ability between test and retest. Systematic 
error or bias may result from learning or fatigue effects during repeated testing 
(Batterham and George 2000; Ageberg et al. 2007). 
 
Due to the developmental nature of the present work and to enhance generalisability 
of its findings it was necessary that the test-retest and intra-rater repeatability of the 
outcome measures be determined prior to use in healthy children and those with 
HMS. This chapter presents and discusses the test-retest (between-days) 
repeatability experiments conducted using a range of outcome measures in these 
children. 
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6.2 Repeatability of the Components of the Assessment 
Method 
6.2.1 Background 
Both neuromuscular impairments and quality of life (QoL) are integral parts of 
physiotherapy assessment in children with musculoskeletal complaints (O’Sullivian 
and Schmitz 2001). Physiotherapy research focuses on improvements in 
impairments such as (range of motion and muscle strength) in evaluating the 
efficacy of treatment (Jette 1993). On the other hand, it has been argued that the 
level of QoL in patients with musculoskeletal complaints may be affected (Bell et al. 
1990). As a result of this, Bell et al. (1990) suggested that QoL measures be added 
to all clinical trials in rheumatology to complement the traditional anthropometric, 
clinical, and laboratory data. Furthermore, joint biomechanics, motor control, pain 
and proprioception are thought to be co-dependent, when considering the 
mechanisms, prevention and assessment of orthopaedic conditions (Baker et al. 
2002).  
 
The ultimate goal of providing physiotherapy services to patients with chronic 
disease is to alleviate their impairments, improve their functional status and overall 
QoL (Jette 1993). Presently, neuromusculoskeletal, functional ROM and QoL 
characteristics in children with HMS have not been well documented. Various 
methods have been used to identify these indices in children. In order for an 
assessment method to obtain widespread clinical acceptance as a useful clinical 
tool, the repeatability of its measurement is a fundamental requirement that must be 
sufficiently established (Brand and Crowninshield 1981). No studies were found 
examining the repeatability of any of the parameters included in the assessment 
methods in children with HMS. Neuromuscular performance, functional ROM during 
walking and QoL characteristics as well as the ability of physiotherapists to examine 
them may vary over time. Therefore, the aim of this study was to investigate the 
test-retest and intra-rater repeatability of such assessments in healthy children and 
those with HMS.  
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6.3 Methods 
6.3.1 Subjects 
Twenty children (10 healthy and 10 with HMS) aged 8 – 15 years participated in this 
investigation. The healthy group was recruited from local schools in Edinburgh and 
consisted of 5 boys and 5 girls. The HMS cohort was recruited from the Royal 
Hospital for Sick Children, Edinburgh and was made up of 2 boys and 8 girls 
diagnosed with HMS. None of the subjects enrolled in the study had history of 
trauma to either knee joint. No subject had visual impairment and none suffered 
from any systemic or vestibular-system disorders. Written informed consent was 
obtained from the participants and their parents/guardians before participation in the 
study. This study was approved by QMU Ethics Committee, the Education 
Department of the City of Edinburgh Council and the NHS Lothian Local Research 
Ethics committee. Participants were tested twice (one week apart) using the test 
protocol. This time interval was chosen because it was practically convenient for 
participants and their parents/guardians and to minimise possible learning effects on 
the part of the participants. 
6.3.2 Testing Procedure 
Before testing, the investigator gave a brief explanation of the procedure to each 
subject, following which consent forms were signed by the participants and their 
parents/guardians. Then, subjects were asked to change into short trousers and 
their physical characteristics were assessed. Height was measured using a 
standiometer and body mass with a weighing scale. Leg length was determined in 
supine as the distance between the most prominent points of the anterior superior 
iliac spine (ASIS) to the most prominent point of the ipsilateral medial malleolus 
using a measuring tape (Wiggin et al. 2006). The following measurements were 
carried out according to the VICON Clinical Manager manual (Van der Linden et al. 
2002): Knee width was assessed from distance between the lateral and medial 
femoral condyles in a standing position and ankle width was determined from the 
transmalleollar distance in standing, using an Anthrometer®. Lower limb dominance 
was also established as the leg used by the subject to kick a football (Sadeghi et al. 
2000; Wiggin et al. 2006). Because exercise training may enhance joint 
proprioception (Petrella et al. 1997; Ashton-Miller et al. 2001; Roberts et al. 2004) 
and muscle torque (Faigenbaum et al. 1993; Morton et al. 2005), the level of 
physical activity was documented as the amount of time (hours) spent on sports and 
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or physical education per week (Engelbert et al. 2006). The test limb (knee) of the 
healthy children was determined using computer randomisation on SPSS. The more 
symptomatic (painful) knee of the HMS subjects was tested. Data for each subject’s 
test knee was collected on the following six variables, in this order: QoL, pain, 
proprioception, muscle torque, PROM and functional ROM. To facilitate the testing 
set up and for the purpose of convenience on the part of the participants, the order 
of testing was not randomised. All measurements were carried out by a single rater 
(the researcher). 
6.3.3 QoL Assessment 
QoL was assessed using the PedsQLTM (Varni et al. 2002) module 4.0 (UK English 
version) child (8-12 years) and adolescent self-report (13-18 years). Each participant 
was provided with a copy of the child or adolescent self-report questionnaire 
(Appendix 2a and b).  
 
Teenagers were provided with a pen and a clipboard and were given the following 
instruction “The PedsQL asks you questions about how you feel and what you think 
about your knee joint during the past 1 week. It is not a test, and there are no right 
or wrong answers. It takes about 5 minutes to complete. If you have any questions, 
please let me know. Please be sure you read the questions carefully and choose the 
response that is the closest to how you truly feel”. The teenagers were given up to 
10 minutes to complete the questionnaire. When they returned the completed 
PedsQL questionnaire, the investigator checked that each item was answered, and 
verified that no item had more than one response.  
 
The investigator completed the questionnaire for the younger participants (8 – 12 
years) by reading the questions and the possible answers to them. They were asked 
to choose one possible answer from the five possible responses. The investigator 
completed the questionnaire in this research because the first two children aged 8 -
12 years that presented for the study were not willing to complete the questionnaire 
by themselves. For ease of interpretation of PedsQL scores, items were reverse 
scored and linearly transformed from 0 - 4 to a 0 - 100 scale (i.e. 0 =100, 1 = 75, 2 = 
50, 3 = 25, 4 = 0) such that higher scores indicate better QoL (Varni 2006).  
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6.3.4 Pain Assessment 
The average knee joint pain felt by the children over the last one week was 
assessed using a coloured analogue scale (CAS) (Figure 6.1). Each subject was 
shown the CAS with the slide marker at the middle of the scale (corresponding to 5 
on the numeric scale). Then, a brief description of the CAS and how to use it was 
given to the subject by the examiner. “This scale is like a ruler. The bottom, where it 
is small and there is hardly any colour at all means no pain at all. The top, where it is 
large, with deep red and a long way from the bottom means the most pain. I want 
you to slide the marker up or down the scale to show me how much pain you have 
in your knee within the last week”. Once a child slid the marker to indicate the level 
of his/her pain, the examiner then turned the scale over and the corresponding 
number on the numeric scale was recorded (to the nearest whole number) as the 
subject’s pain intensity.  
 
                               
                        Figure 6.1: The Coloured Analogue Scale 
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The CAS manufacturer recommended that the slide marker should be positioned at 
the bottom of the scale. However, the marker was positioned at the middle of the 
scale in this research because the researcher felt that positioning the slide marker at 
the bottom of the scale might influence a child’s judgement as a child may want to 
please the researcher by moving the slide up the scale even when the child was not 
experiencing pain. 
6.3.5 Joint Proprioception Assessment 
Joint proprioception was tested in two ways. The first method was a kinaesthetic 
sense test joint kinaesthesia (JK) which consisted of determining the threshold for 
perception of movement when the angle of the joint was altered slowly (less than 
half a degree per second) (Corrigan et al. 1992). The second method was a joint 
position sense test (JPS). This examined the ability of a subject to reproduce an 
angle at which the joint had previously been placed (Corrigan et al. 1992). The two 
tests were chosen because studies have demonstrated a lack of significant 
correlation between knee JK and JPS tests (Grob et al. 2002; Friden et al. 1997). 
Therefore, it is possible that each test assesses different facets of proprioception 
and either one of the tests may not determine the overall proprioceptive impairment.  
 
These tests were carried out with the purpose-built slow speed motorised device. 
The two methods used were modifications of those described by Barrack et al. 
(1983abc), Corrigan et al. (1992) and Grob et al. (2002). The motorised device 
moves the lower leg at a slow and constant angular velocity (corresponding to 
0.080/s – 2.20/s). Detailed description of the device has been provided in section 5.3. 
JPS was tested at two target angles (250 and 100 of knee flexion). These test angles 
were chosen because it is believed that joint receptors respond mainly near the end 
positions of joints (Gandevia and Burke1992; Borsa et al. 1997) and HMS subjects 
may lack the ability to control the end-range of extension in the lax joints (Hall et al. 
1995). Moreover, these angles were within the working range of the knee during 
functional and weight-bearing activities (Barrett et al. 1991). Additionally, these 
angles were chosen for the purpose of participants’ safety. A pilot study in healthy 
children revealed that some subjects had the tendency of overestimating the test 
angle, in an attempt to reproduce the joint angle for the 100 knee flexion trial. 
Therefore, a test angle nearer to full extension of the knee joint (< than 10 degrees 
of knee flexion) may predispose to joint damage if subjects were unable to 
reproduce the test angle correctly. Furthermore, because knee extension deficit may 
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be seen in some individuals, the most extreme joint positions were excluded to 
avoid variable tissue tensions in participants and to allow them to relax without 
having their leg forced into maximum extension (Ageberg et al. 2005; 2007). 
6.3.5.1 Joint Kinaesthesia (JK) 
Kinaesthesia (threshold to detection of passive movement) was assessed with the 
participants in high sitting on an adjustable plinth with the back supported and 
reclined to 600 to encourage relaxation. Each participant sat with his/her legs 
hanging freely over the edge of the chair 4 – 6 cm proximal to the popliteal fossa 
such that the knee joint was not in contact with the edge of the plinth (Xu et al. 
2004). This ensured that the participant’s cutaneous sensation was minimised. Then 
the centre of rotation of the test knee joint (lateral condyle of femur) was aligned with 
the centre of rotation of the driving shaft of the device so that the angular 
displacement of the knee joint was equal to that of the frame attached to the limb 
support (Beynnon et al. 2000; Xu et al. 2003). The test limb was then placed in a 
padded limb support attached to the device. The starting position of the test knee 
and the aluminium frame of the limb support were maintained at 600 of knee flexion 
(Skinner et al. 1984; Skinner et al. 1986; Grob et al. 2002). To ensure that the same 
starting position was maintained for each subject, Velcro® straps were used to strap 
the test limb to the limb support as suggested by Skinner et al. (1984). 
 
Three practice trials were performed by each subject to ensure that they understood 
the instruction given by the examiner and were familiar with the test procedure. 
During this period, the researcher was responsible for stopping the device using the 
response button once there was a change in knee joint position. The subject was 
then given the response button and was told that the motor would be started, and 
the test limb would move into extension slowly after a random delay of 5 to 15 
seconds (Friden et al. 1997; Ageberg et al. 2005; Ageberg et al. 2007). A random 
delay was used so that the participants were not able to detect the movement of 
their limbs using the sound of the motorised device. A pulley was made to drive the 
wheel attached to the aluminium frame at a constant angular velocity of 0.380/s. This 
angular velocity was used as it was the closest to those (0.4 – 0.50/s) used to test 
JK (Xu et al. 2003; Ferrell et al. 2004; Friden et al. 1997; Ageberg et al. 2005; 
Ageberg et al. 2007). The participant was instructed to press the response button 
once they detected position change in the test limb. This immediately stopped the 
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movement. After each test trial, the examiner asked the participant to confirm if they 
were sure that the test limb actually moved. In a case where a participant pressed 
the switch before movement of the test limb occurred, the trial was repeated. To 
minimise visual and auditory sensory input the participants were blindfolded and 
they wore earmuffs during the practice and test trials. The angular displacement of 
the knee joint for the second test trial (before the subject detects position change) 
was read from the protractor attached to the device and recorded as the threshold 
response for the subject. Evidence suggests that five to six repetitions were needed 
before passive JPS data stabilised in adults with patelofemoral pain syndrome 
(Selfe et al. 2006). A pilot study carried out by the present researcher in healthy 
adults and children (section 5.6.7) revealed that learning effects occurred during 
JPS tests and this phenomenon stopped after the second test trial and therefore the 
second trial was used for data analysis. However, to ensure that legitimate data was 
collected from each participant, three test trials were carried out. The same number 
of practice and test trials was administered for both proprioception outcome 
measures, to standardise the test procedure. 
6.3.5.2 Joint Position Sense (JPS) 
The experimental set up and participants’ positions were similar to the above 
section, except that the starting position of the test knee joint was 900 (Barrack et al. 
1983a; Skinner et al. 1984; Beynnon et al. 1999; Grob et al. 2002; Sekir and Gur 
2005). The plinth was adjusted such that the knee axis of rotation (lateral femoral 
condyle) corresponded to the centre axis of the shaft (Figure 6.2) (Marks 1994; 
Macdonald et al. 1996; Tsang and Hui-Chan 2003; Tsang and Hui-Chan 2004; Xu et 
al. 2004). As with the JK test, external cues (visual and auditory) to the test limb 
position or motion were also minimised so that only the receptors emanating from 
the knee joint and the surrounding tissues were activated during the testing (Skinner 
et al. 1986; MacDonald et al. 1996). A starting position of 900 was chosen because 
for movement about the knee, the current view seems to be that most joint receptors 
remain quiet through out the middle ranges of motion (Johansson et al. 1991). This 
was done so that the joint receptors would not be fully activated until the joint had 
been moved to the target position. In addition, this starting position has been used 
previously to test knee JPS (Barrack et al. 1983b; Skinner 1986; Grob et al. 2002; 
Hassan et al. 2002; Sekir and Gur 2005) and therefore there findings were available 
for comparison. 
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The motorised device then moved the participant’s test limb at an angular velocity of 
2.20/s from the starting position (900 of knee flexion) to two pre-determined test 
angles of 250 flexion and 100 flexion. To enable the subject to remember the test 
positions, the test limb was held in these positions for approximately 10 seconds 
(Callaghan et al. 2002) and subjects were asked to concentrate on the position. The 
leg was then returned to the starting position using the motor, where it was left for 
15 seconds (Corrigan et al. 1992). A pilot experiment (section 5.12) demonstrated 
that it took the proprioception device approximately 30s and 36s to move subjects 
limbs from the starting position to the test angles of 250 and 100 respectively. 
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Figure 6.2: Experimental set-up for the knee JPS testing (illustration by Steve Kelly, Manchester Metropolitan University) 
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To familiarise the subjects with the test procedure and to allow learning effects to 
take place, the procedure was practiced 3 times for each test angle. Subjects were 
also blindfolded and they wore earmuffs during the practise and test trials (Figure 
6.2). Due to the reasons already discussed in section 5.2, an air splint was not used 
to minimise cutaneous sensation in present study. In addition, it is believed that 
cutaneous sensation has an insignificant role in JPS of a proximal joint (Grigg 1994) 
such as the knee. Moreover, knee JPS has been tested previously without the use 
of an air splint (Dvir et al. 1988; Marks 1994; Birmingham et al. 1998).  
 
Each subject was instructed to relax and not to assist the movement voluntarily 
during the testing so that no muscular contraction took place (Callaghan et al. 2002; 
Selfe et al. 2006). The present researcher cannot say for sure whether the 
participants were fully relaxed or not as this was not examined objectively (the use 
of EMG for this purpose has already been discussed). Subjects were told to press 
the response button when they thought that the test limb had been placed in the test 
position previously demonstrated. A slow speed of 2.20/s was chosen to minimise 
the tendency for the subjects to deduce the test position based on movement cues 
(Lonn et al. 2000) and to limit reflexive muscle contractions (Callaghan et al. 2002). 
Moreover, it is believed that slow and constant angular velocity maximally stimulates 
joint proprioceptors (Friden et al. 1996; Ageberg et al. 2005; 2007) and minimises 
the contribution from muscle receptors (Ageberg et al. 2005; 2007) by limiting 
reflexive muscle contraction (Callaghan et al. 2002; Selfe et al. 2006). In addition, 
the device used for this study has a maximum angular velocity of 2.20/s which is 
similar to that used (20/s) in the studies of Callaghan et al. (2002) and Selfe et al. 
(2006). The angular displacement for each trial at each target angle was recorded. 
The absolute angular error (AAE) for the second test trial at each target angle 
(absolute difference between the target and perceived angles) was calculated and 
was used for data analysis.  
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6.3.6 Muscle Torque 
The peak isometric torque (Nm) of the knee extensors and flexors was quantified 
using the digital myometer (MIE Ltd, Leeds, England). 
6.3.6.1 Knee Extensors 
Subjects sat on a plinth with the test knee flexed to 900. The starting position of 900 
was chosen because it is believed that the optimal angle of quadriceps muscle pull 
occurs when the muscle is pulling at a 900 or perpendicular to the bony segment 
(Clarkson 2000). A non-extensible myometer strap was strapped around the lower 
leg 5cm proximal to the base of the malleoli of the subjects’ test limb and the other 
end was attached to the myometer transducer. 5 cm was chosen to standardise the 
position of the strap. Another non-extensible strap was attached to the frame of the 
couch (underneath) and to the other end of the myometer transducer (Figure 6.3).    
 
                        
Figure 6.3: Experimental set-up for knee extensor muscle torque testing 
(illustration by Steve Kelly, Manchester Metropolitan University) 
         
The perpendicular distance (m) between the lateral knee axis of rotation and the 
myometer strap (moment arm) was measured with a tape and recorded. Participants 
were asked to try to straighten their knees from the starting position (900). “I would 
like you to straighten your knee as much as you can”. Participants were given 
consistent verbal instruction and encouragement. The maximum force (N) produced 
by the extensors displayed on the myometer was recorded. To calculate the torque 
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value generated by the quadriceps, the force produced by the extensors was 
multiplied by the moment arm (Smidt and Rogers 1982; Effgen and Brown 1992) 
and recorded as extensor muscle torque for each subject.  
6.3.6.2 Knee Flexors 
Similarly, knee flexor muscle torque was measured with the participants in the same 
starting position and the same experimental set-up and procedure except that the 
myometer was placed on the posterior aspect of the lower leg. Participants were 
also given consistent verbal instruction and encouragement “I would like you to bend 
your knee as much as you can”, the maximum force produced by the hamstrings 
displayed on the myometer was also recorded. Then, flexor muscle torque was 
calculated for each subject. To prevent extensor and or flexor muscle fatigue, only 
one trial was carried out by the participants. To account for the influence of body 
mass on muscle torque, both extensor and flexor muscle torque were normalised to 
body mass (Keating and Matyas 1992). 
6.3.7 Passive Range of Motion (PROM) 
The participants’ PROM was determined using a universal goniometer (Jamar, 
USA). Subjects lay supine on a couch with their knee in extension. A rolled towel 
was and placed under the ankle of the test limb, to ensure that the knee joint was at 
zero degrees (Reese and Brandy 2002). PROM as opposed to active was chosen to 
prevent limitation of ROM that may be associated with pain and muscle weakness 
as may be the case in children with HMS (Robin and Everman 1998). Moreover, 
young children may be unwilling to perform full active range of motion (Reese and 
Brandy 2002). Supine was chosen because it is believed that knee flexion may be 
limited in prone due to tightness of the rectus femoris muscle (Reese and Brandy 
2002).  
 
Subjects were asked to relax during the testing. With subjects in this position, the 
centre of the universal goniometer was aligned with the lateral femoral condyle; the 
moveable arm with the lateral malleolus; while the immovable arm was aligned with 
the greater trochanter (Gogia et al. 1987; Reese and Brandy 2002). The 
participant’s knee joint was passively extended by the examiner through its pain free 
ROM and the reading on the universal goniometer was recorded. The knee was 
then returned to its original starting position by the examiner. Similarly, knee flexion 
of the subjects was measured by the examiner passively flexing the knee joint 
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through its available range. The goniometer reading was then recorded as knee 
flexion PROM.  
6.3.8 Functional ROM 
Knee joint motion in a sagittal plane was assessed using the VICON 3-D motion 
analysis system (VICON 612, Oxford Metrics Ltd., Oxford, England). Eight M8 
VICON cameras (Oxford Metrics Ltd, Oxford, England) were used, operating at a 
100 Hz sampling rate, mounted on the wall (3m high), positioned at right angles and 
approximately 3m away from a 7m walkway. The cameras were connected to a data 
station, which was in turn connected to a computer.  
 
The procedure for gait analysis was similar to the one described in section 5.6.8 
except for the use of knee alignment devices. Participants were requested to stand 
(Oxford Metrics Ltd, Oxford, England, 2004) at the centre of the walkway where the 
knee alignment devices (KADs) (Figure 6.4) (one for each knee) were placed on the 
knee joint axis (marked with pen). Then the static trial was captured with the KADs 
in place. Thereafter, KADs were removed and markers were placed on those points 
(both lateral femoral condyles) (Figures 6.5 and 6.6). The KADs were used to define 
the knee joint flexion-extension axis of rotation. Earlier investigation of the between-
days repeatability of marker replacement and functional ROM measurements in the 
sagittal plane, in healthy subjects (section 5.6.8) showed poor repeatability (ICC 
range = -0.07 to 0.34).  
 
                       
                               Figure 6.4: Knee Alignment Device                
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Figure 6.5: Marker placement on a subject’s anatomical landmarks (anterior 
view) 
 
Subjects were instructed to walk barefoot 6 times at a self-selected (“I would like you 
to walk the way you normally walk”) pace along the 7m level walkway. The first 2m 
allowed for acceleration and normal ambulation, the last 2m allowed for 
deceleration, and the middle 3m was used for data capturing. The average knee 
joint angles during the 6 walks normalised for one full gait cycle were calculated for 
each subject using the computer Polygon® software (Oxford Metrics Ltd, Oxford, 
England, 2004) and were used for data analysis. 
   
                        
Figure 6.6: Marker placement on a subject’s anatomical landmarks (posterior 
view) 
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6.3.9 Data Analysis 
The repeatability of the data collected during the two sessions in healthy children 
was analysed, except for pain. This was because a pain rating for all participants 
was zero during both sessions. The data obtained in children with HMS for all the 
measurement parameters were analysed. Two measures of repeatability were 
calculated for each group: Intraclass correlation coefficient (ICC) and 95% limits of 
agreement (Rankin and Stokes 1998; Potter et al. 2005). ICC has been used 
extensively for reporting the repeatability of clinical measurements and therefore 
allows comparison with other studies. Bland and Altman plots were generated to 
show the relationship between the differences in first and the second measurements 
(test 1 minus test 2) against their mean. In addition, 95% limits of agreement (mean 
difference between the two measurements + 1.96SDs) (Bland and Altman 1986) 
were calculated for all the outcome measures. ICC was also used to examine the 
repeatability of the combined group (set of data from both healthy children and those 
with HMS). ICC value was considered as poor when it was below 0.6, good between 
0.6 and 8.0 and excellent when it was 0.8 and above (Merlini et al. 1992; Tiffreau et 
al. 2007). 
6.4 Results  
6.4.1 Healthy and HMS Groups 
The characteristics of the healthy and the HMS subjects are shown in Table 6.1. 
The mean (SD)/median (IQR) of all measurements, ICC values, the mean difference 
between the two measurement sessions and the 95% limits of agreement between 
these sessions (1 and 2) in the two groups are summarised in Tables 6.2 and 6.3. 
Figures 6.7 to 6.29 illustrate the Bland and Altman plots of agreement between the 
mean of the two measurements for all the variables and the difference between the 
measurement sessions in the two cohorts. The mean knee joint angle 
measurements during walking in healthy children and HMS children are shown in 
Figures 6.30 and 6.31.  
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Table 6.1: Characteristics of the healthy children (n = 10) and with HMS 
subjects (n = 10) 
 Healthy Children  
Mean            SD 
Children with HMS  
     Mean           SD 
Age (years) 
Height (cm) 
Weight (kg) 
9.9   
143.9 
43.6  
2.1 
16. 9 
16.1 
11.8 
150.2 
48.1 
1.3 
18.6 
21.2 
 
95% limits of agreement (LOA) revealed an acceptable level of between-days 
variation for all the measurement variables in both groups, with the exception of the 
JPS tests. In addition, 95% LOA also showed that the between-days measurement 
error for knee extension in mid stance and maximum knee flexion during the swing 
phase in healthy children was high. Similarly, 95% LOA demonstrated that the 
between-days variation in knee extension in mid stance and knee flexion during 
loading response in the HMS cohort was large. Based on LOA, these findings 
suggest that all variables were assessed with high repeatability in both healthy 
children and those with HMS except for the JPS tests (at 250 and 100) and knee 
extension in mid stance.  Knee flexion during the loading response of walking and 
maximum knee flexion during swing phase were examined with low repeatability in 
the healthy children and HMS respectively. 
 
The ICC values for all the measurement outcomes were high in the healthy children 
(range 0.82 - 0.98), with the exception of JPS measurements, knee extension in 
mid-stance and maximum knee flexion during swing (ICC range = 0.26 – 0.74). The 
ICC values of all measurement parameters in the HMS group were high (range 0.81 
- 0.96) except for the JPS tests, knee extension in mid stance and knee flexion 
during loading response (ICC range = 0.18 – 0.68). The high ICC values recorded 
for some of the variables indicate excellent agreement between the two 
measurement sessions for these outcomes. On the other hand, the low ICC values 
obtained for some of the measurement parameters, suggest poor to good 
agreement between repeated measurements by the researcher.  
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Table 6.2: Results of between-day repeatability in healthy children (n = 10): 
Mean (SD) or Median (IQR)  
  
Variable Day 1 Day 2 ICC Mean 
Difference
95% Limits  
of Agreement 
Pain 0 0 - - - 
*QoL 100.0 
(2.50) 
100.0 
(0.00) 
0.95 -1.96 -10.30 to 6.38 
ROM Extension (0) -5.30 
(2.06) 
-5.10 
(1.85) 
0.95 0.2 -1.07 to 1.47 
ROM Flexion (0) 141.0 
(2.91) 
141.30 
(2.79) 
0.96 -0.3 -1.95 to 1.35 
Muscle Torque 
Extensors (Nm/kg) 
1.37 
(0.24) 
1.39 
(0.25) 
0.98 -0.02 -0.12 to 0.07 
Muscle Torque 
Flexors (Nm/kg) 
0.73 
(0.18) 
0.74 
(0.17) 
0.95 -0.01 -0.13 to 0.10 
Kinaesthesia (0) 
2.00 
(0.82) 
2.10 
(1.10) 
0.83 -0.1 -1.24 to 1.04 
JPS at 25 (0) 
4.00 
(2.67) 
2.60 
(2.01) 
0.39 1.4 -3.43 to 6.23 
JPS at 10 (0) 
2.80 
(3.26) 
1.40 
(1.08) 
0.26 1.4 -4.27 to 7.07 
Peak Knee 
Extension Mid 
Stance (0) 
4.71 
(5.91) 
3.92 
(3.59) 
0.74 1.27 -7.75 to 10.28 
Knee Flexion 
During Loading 
Response  (0) 
19.61 
(9.43) 
18.22 
(6.32) 
0.84 0.72 -6.15 to 7.59 
Maximum Knee 
Flexion (0) 
61.89 
(7.97) 
59.41 
(6.93) 
0.48 2.26 -12.91 to 17.42 
      *Values in median (IQR): IQR = Interquartile range; ICC = Intraclass correlation 
coefficient. 
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Table 6.3: Results of between-days repeatability in children with HMS (n = 10) 
Mean (SD) or Median (IQR)   
Variable Day 1 Day 2 ICC Mean 
Difference 
95% Limits of 
Agreement 
Pain 2.75 
(2.91) 
2.93 
(2.63) 
0.80 -0.18 -3.80 to 3.45 
*QoL 90.00 
(31.8) 
85.8 
(24.5) 
0.87 2.2 -10.4 to 14.9 
ROM Extension (0) -12.20 
(1.48) 
-12.40 
(1.35) 
0.90 -0.2 -1.47 to 1.07 
ROM Flexion (0) 
155.50
(2.80) 
155.30
(2.75) 
0.96 0.2 -1.38 to 1.78 
Muscle Torque 
Extensors (Nm/kg) 
1.30 
(0.33) 
1.27 
(0.27) 
0.85 0.03 -0.30 to 0.37 
Muscle Torque 
Flexors (Nm/kg) 
0.67 
(0.17) 
0.67 
(0.14) 
0.97 0.01 -0.07 to 0.08 
Kinaesthesia (0) 
3.00 
(2.16) 
2.70 
(1.57) 
0.84 0.3 -1.82 to 2.42 
JPS at 25 (0) 
6.90 
(6.54) 
6.60 
(3.92) 
0.56 0.3 -10.76 to 10.16 
JPS at 10 (0) 
4.90 
(3.67) 
3.00 
(2.63) 
0.18 1.9 -5.96 to 9.76 
Peak Knee 
Extension in Mid 
Stance (0)  
-0.73 
(3.93) 
-1.54 
(4.19) 
0.68 0.82 -5.74 to 7.38 
Knee Flexion 
During Loading 
Response (0) 
12.86 
(4.77) 
12.63 
(3.38) 
0.48 0.22 -8.50 to 8.95 
Maximum Knee 
Flexion (0) 
52.98 
(3.55) 
52.58 
(3.41) 
0.81 0.39 -4.07 to 4.86 
Values are mean (SD), *values in median (IQR): IQR = Interquartile range; ICC = 
Intraclass correlation coefficient. 
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From Figures 6.7 to 6.29 it can be seen that all repeated measurements were within 
the 95% confidence interval of the mean difference with the exception of QoL 
measures (Figure 6.7), both extensor and flexor muscle torque (Figures 6.16 and 
6.17), and maximum knee flexion during swing phase (Figure 6.29) in the two 
groups. An outlier each can also be seen for pain measurement (Figure 6.9) in the 
HMS cohort and all the proprioception outcomes in the HMS group (Figures 6.11, 
6.13 and 6.15).  
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Figure 6.7: Bland and Altman plots for QoL measurements in healthy children 
(n = 10). The symbol ■ indicates that seven participants had the same QoL 
score. 
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Figure 6.8: Bland and Altman plots for QoL measurements in children with 
HMS (n = 10) – The symbol ■ indicates that two participants had the same QoL 
score.  
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Figure 6.9: Bland and Altman plot for pain measurements in children with HMS 
(n = 10) – The symbol ■ indicates that two participants the same zero pain 
rating.     
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Figure 6.10: Bland and Altman plots for knee joint kinaesthesia showing 
values of the repeated measurements in healthy children (n = 10) – The 
symbol ■ and     indicate that three and four participants had the same JK 
values, respectively. 
 
           
-4
-2
0
2
4
1 2.5 4 5.5
Average of two measurement  sessions (0)
D
iff
er
en
ce
 b
et
w
ee
n 
(1
st
 - 
2n
d)
 
m
ea
su
re
m
en
t s
es
si
on
s 
(0
)
Mean Differnce Mean + 2SD Mean - 2SD
 
Figure 6.11: Bland and Altman plots for knee joint kinaesthesia showing 
values of the repeated measurements in children with HMS (n = 10). The 
symbol ■ indicates that three participants had the same JK value. 
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Figure 6.12: Bland and Altman plots for knee JPS at 250 showing values of the 
repeated measurements in healthy children (n = 10). The symbol ■ indicates 
that two participants had the same AAE. 
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Figure 6.13: Bland and Altman plots for knee JPS at 250 showing values of the 
repeated measurements in children with HMS (n = 10). 
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Figure 6.14: Bland and Altman plots for knee JPS at 100 showing AAE values 
of the repeated measurements in healthy children. - ■ and     indicate that 
three and two participants had the same values of AAE respectively. 
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Figure 6.15: Bland and Altman plots for knee JPS at 100 showing AAE values 
of the repeated measurements in children with HMS (n = 10). The symbol ■ 
indicates that two participants had the same values of AAE. 
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Figure 6.16: Bland and Altman plot for knee extensor muscle torque showing 
values of the repeated measurements in healthy children (n = 10)  
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Figure 6.17: Bland and Altman plot for knee extensor muscle torque showing 
values of the repeated measurements in children with HMS (n = 10).  
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Figure 6.18: Bland and Altman plots of agreement showing the repeated 
measurements of knee flexor torque in healthy children (n = 10). 
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Figure 6.19: Bland and Altman plots of agreement showing the repeated 
measurements of knee flexor torque children with HMS (n = 10). The symbol ■ 
indicates that two participants had the same value of extensor muscle torque. 
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Figure 6.20: Bland and Altman plots for passive knee extension ROM showing 
values of the repeated measurements in healthy children (n = 10) - ■ indicates 
three and      shows two participants with same value, respectively. 
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Figure 6.21: Bland and Altman plots for passive knee extension ROM showing 
values of the repeated measurements in children with HMS (n = 10). Both ■ 
and       indicate that three participants each had the same ROM values. 
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Figure 6.22: Bland and Altman plots for passive knee flexion showing values 
of the repeated measurements in healthy children (n = 10). The symbol ■ 
indicates that two participants had the same ROM values. 
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Figure 6.23: Bland and Altman plots for passive knee flexion showing values 
of the repeated measurements in children with HMS (n = 10). The symbol ■ 
indicates that two participants had the same ROM values.  
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Figure 6.24: Bland and Altman plots for knee extension in mid-stance in 
healthy children (n = 10).  
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Figure 6.25: Bland and Altman plots for knee extension in mid-stance in 
children with HMS (n = 10).  
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Figure 6.26: Bland and Altman plots for knee flexion during loading response 
in healthy children (n = 10). 
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Figure 6.27: Bland and Altman plots for knee flexion during loading response 
in children with HMS (n = 10). 
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Figure 6.28: Bland and Altman plot for maximum knee flexion during swing 
phase of walking in healthy children (n = 10).  
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Figure 6.29: Bland and Altman plot for maximum knee flexion during swing 
phase of walking in children with HMS (n = 10).  
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Figure 6.30: Repeated measurements of sagittal knee motion during walking 
in healthy children (n = 10). 
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Figure 6.31: Repeated measurements of sagittal knee motion during walking 
in children with HMS (n = 10). 
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The highest ICC value was recorded for extension muscle torque in the healthy 
group while the flexors muscle torque measurements had the highest ICC value in 
the HMS cohort. JPS at 100 showed the lowest ICC values in both group. 95% LOA 
indicated that maximum knee flexion measurement had the widest between-days 
variation and least between-days variation was observed in extensors muscle torque 
measurement in healthy children. The 95% LOA demonstrated that JPS at 100 had 
the highest between-days measurement error while flexors muscle torque recorded 
the least amount of between-days variation in children with HMS.  Paired t-test 
showed no significant difference (p range = 0.100 to 0.860) between the repeated 
measurements of JPS in both groups.  
 
Appendix 4.7 (a peer-reviewed article accepted for publication) presents the 
summary of the findings of repeatability assessment of joint proprioception and 
muscle torque in healthy children and those with HMS. In addition, the summary of 
the results of repeatability assessment in both groups presented as a conference 
paper is illustrated in Appendix 4.3. 
6.4.2 Results of the Combined Group of Healthy Children and those 
with HMS using ICC 
The previous section demonstrated poor to good test-retest repeatability for the JPS 
tests and some of the sagittal knee motion variables in healthy children (see Table 
6.2) and those with HMS (see Table 6.3). These outcomes did not reach the 
acceptable ICC value of 0.80 (Merlini et al. 1992; Tiffreau et al. 2007) in either 
healthy children or children with HMS. One of the major limitations associated with 
the use of ICC is that its magnitude is highly dependent upon sample heterogeneity 
(Batterham and George 2000), that is the between subject variation. The greater the 
range or spread of measurements obtained, the greater the magnitude of ICC. The 
low ICC values obtained for the outcomes (Tables 6.2 and 6.3) may be due to the 
homogeneity of the respective samples (healthy, HMS) used as this could create 
between subjects variance. Therefore, it is possible that ICC values for the 
heterogeneous group (i.e combination of healthy children and those with HMS) will 
be different from those obtained for a two independent homogeneous samples. The 
two sets of data for proprioception and knee kinematics in healthy children and 
those with HMS were therefore combined and further analysed for test-retest 
repeatability using ICC. Similarly, functional ROM data in both groups were 
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combined and further analysis was performed using ICC. The mean (SD) and ICC 
values of all measurements (day 1 and 2) are presented in Table 6.4.  
 
Table 6.4: Results of between-days repeatability in healthy children and 
children with HMS (n = 20): Mean (SD) and ICC values. 
 
Variable Day 1 Day 2 ICC 
JPS at 25 (0) 5.30 (3.53) 4.75 (5.20) 0.58 
JPS at 10 (0) 3.85 (3.54) 2.20 (2.12) 0.26 
Peak Knee Extension in Mid 
Stance (0) 
1.99 (5.63) 1.19 (4.72) 0.79 
Knee Flexion During Loading 
Response (0) 
16.23 (8.06) 15.42 (5.70) 0.81 
Maximum Knee Flexion (0) 57.43 (7.55) 56.00 (6.37) 0.68 
     
       SD = Standard deviation; ICC = Intraclass correlation coefficient.                   
 
The ICC value for knee flexion during loading response was high (0.81) indicating 
excellent agreement between repeated measurements. However, the two JPS tests, 
knee extension in mid stance and the maximum knee flexion in swing phase during 
level walking had low ICC values (range = 0.26 – 0.79) suggesting poor to good 
agreement between repeated measurements by the researcher. Analysis of the 
combined data from the two different homogeneous samples of healthy children and 
those with HMS yielded a higher value of ICC for JPS at 250 than either of the two 
independent groups. In addition, ICC value for JPS at 100 in the combined group 
was higher than in the HMS group. These values did not reach the acceptable value 
of 0.80 however. For functional ROM, the ICC value of knee extension was higher in 
the combined group than either the healthy or HMS cohorts. Maximum knee flexion 
had a higher ICC value than the healthy group, but lower than the HMS cohort. This 
value was also below the acceptable value of 0.80.  
 
Based on the findings of the analysis of the combined data, it seems that the poor to 
good test-retest repeatability for the JPS tests and some of the sagittal knee motion 
variables in healthy children and those with HMS (see Tables 6.2 and 6.3) might not 
have been due to the homogeneity of the samples. 
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6.5 Discussion 
The test-retest repeatability of each component of the assessment method was 
examined in 20 children (10 healthy and 10 children with HMS). Each participant 
was assessed for test-retest repeatability on two different occasions (one week 
apart). Data analyses were carried out using 95% limits of agreement (LOA) and 
Intraclass Correlation Coefficient (ICC) (Rankin and Stokes 1998; Potter et al. 
2006). The results of the test-retest repeatability of the outcome measures and 
possible sources of variation are acknowledged in this section. 
 
Overall, the findings of the test-retest repeatability in children diagnosed with HMS 
were similar to those reported in healthy children with 8 of the 12 variables having 
ICC values ranging from 0.80 – 0.98. However, the ICC values for both JPS (at 250 
and 100) were low in both groups (range = 0.18 to 0.56). Similarly, low ICC values 
were recorded for the knee kinematic tests in healthy children (knee extension in 
mid stance, ICC = 0.74; maximum knee flexion, ICC = 0.48) and those with HMS 
(knee extension in mid stance, ICC = 0.68; knee flexion during loading response, 
ICC = 0.48). The sets of data for both JPS and knee kinematic tests in healthy 
children and those with HMS were combined for further analysis using ICC. The ICC 
values for the combined group were still below the acceptable value for the JPS 
tests, knee extension in mid stance and during maximum knee flexion (ranged from 
0.26 – 0.79).  
 
No previous studies were found investigating the test-retest repeatability of any of 
the knee joint proprioception outcomes in children. There is also limited information 
on the test-retest repeatability of pain, knee muscle torque, knee kinematics and 
QoL in children. Therefore, the findings of the present study are discussed in 
relation to previous results of repeatability on these outcomes in adults with HMS 
(Ferrell et al. 2004) and children with other pathological conditions (McCarthy et al. 
2005).   
 
Based on ICC, the repeatability of QoL measure was higher in the healthy cohort 
than in the HMS group. This may be due to larger between-days variation in the 
HMS group than healthy children. The findings of the present study on QoL 
measures in children with HMS are in agreement with the findings reported by 
McCarthy et al. (2005) and those of Ferrell et al. (2004). McCarthy et al. (2005) 
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observed a good to excellent test-retest repeatability (r range = 0.75 - 0.90) of 
PedsQL in children with traumatic brain injury. Ferrell et al. (2004) also found that 
global SF – 36 scores did not differ significantly (p = 0.90) between two repeated 
measurements (2 – 8 weeks apart) in 10 adults with HMS indicating that there was a 
good agreement between the measurements. The observations in the present study 
indicate that QoL perception can be measured in healthy children and those with 
HMS by the researcher with minimal between-days variation. 
 
Repeatability of pain measures with the CAS in the HMS cohort was excellent. The 
results obtained in the present study confirm the reports of previous investigators 
who found excellent repeatability of pain assessment using a visual analogue scale 
(VAS) in healthy children aged 9 -15 years (McGrath et al. 1987). ICC values for 
knee extension and flexion measurements in the present study were high (range = 
0.90 – 0.96) in both groups.  
 
The results of the present study on knee PROM are in agreement with the findings 
of Pandya et al. (1985) who reported an excellent test-retest repeatability (ICC 
range = 0.81 to 0.91) of passive knee extension measurements in patients with 
Duchenne muscle dystrophy aged 1 - 20 years, using a universal goniometer. The 
ICC value (0.90) of extension ROM in children with HMS was slightly lower than in 
healthy children (0.95). However, ICC values (both 0.96) were similar for flexion 
ROM in both groups. The 95% limits of agreement for both extension and flexion 
ROM measurement were low (Tables 6.2 and 6.3). The findings of the present study 
indicate excellent repeatability of passive knee ROM measurements. The results of 
the current investigation suggest that PROM of the knee joint in healthy children and 
children with HMS can be assessed by the researcher using a universal goniometer 
with a small amount of between-days variation.  
 
Test-retest repeatability of muscle torque has been investigated in children using a 
hand-held myometer (Effgen and Brown 1992) and digital myometers (Seniorou et 
al. 2002; van der Linden et al. 2004). Effgen and Brown (1992) examined the test-
retest repeatability of a hand-held myometer in 12 children with myelomeningocele 
aged 9.8 - 17.4 years. Both upper and lower limbs muscles were tested twice (23 
days interval) in their study. They found ICC values for the upper limb muscles to be 
0.75 – 0.99 while those of the lower limb were 0.73 – 0.94. The ICC values for knee 
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flexors and extensors muscle torque were reported to be 0.73 - 0.86 (range). In the 
current study, ICC values for healthy children and those with HMS ranged from 0.85 
to 0.98. These values are higher than those obtained in Effgen and Brown’s study. A 
hand held-myometer was used in Effgen and Brown’s study while a fixed myometer 
was used in the present study. A potential limitation of hand-held myometers is that 
subjects’ limbs are difficult to stabilise during testing. This could have affected the 
measurement protocol used by Effgen and Brown (1992) as this was not 
standardised in their study. In the current investigation, subjects were retested one 
week apart while participants were tested 23 days apart in that study. Since the level 
of physical activity participation of participants in the present study was not taken 
into consideration as such in the study of Effgen and Brown (1992) therefore it is 
difficult to say whether this had and effect on their results.  
 
Furthermore, the results of knee extensors and flexors muscle torque obtained in 
this study confirm the findings of Seniorou et al. (2002) who recorded an excellent 
test-retest repeatability of knee extensors (ICC = 0.95) and flexors (ICC = 0.93) 
muscle torque in healthy children aged 5 – 16 years, using a fixed myometer. The 
ICC value (0.85) recorded in children with HMS for knee extensors in the present 
study is similar to that (ICC = 0.84) reported in children with cerebral palsy (CP) by 
Seniorou et al. (2002). However, a higher ICC value of 0.97 was obtained for knee 
flexors in children with HMS in the current study while the ICC value reported by 
Seniorou et al. (2002) for knee flexors in children with CP was 0.70. The observed 
difference in repeatability of knee flexors may be due to the differences in 
participants’ characteristics. The findings of the current study showed that knee 
extensors and flexors muscle torque can be measured by the researcher with 
excellent repeatability in healthy children and those with HMS, using a fixed digital 
myometer.  
 
The findings of repeatability of JK were excellent in both healthy children and 
children with HMS (ICC range = 0.83 - 0.84). However, poor repeatability was 
recorded for both JPS tests in both groups (ICC range = 0.18 – 0.26). The present 
study indicates that JK test was more repeatable than JPS tests. Thibault et al. 
(1994) examined the between-days (14 days apart) repeatability of wrist, shoulder, 
hip and ankle JK in 43 healthy children aged 6 – 12 years. They reported an 
excellent Kappa coefficient of 0.81 (mean) (range 0.37 – 1.00) for all measurements. 
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It is difficult to compare the results of these authors with the findings of the present 
study for two reasons. First Thibault et al. (1994) examined the joints of both upper 
and lower limbs (excluding the knee joint) while the knee joint was tested in the 
current study. Secondly, Kappa coefficient was used for test-retest repeatability 
analysis in their study while ICC and 95% LOA were used in the present study. The 
use of Kappa coefficient test-retest repeatability analysis by Thibault et al. might not 
have been appropriate, as it is used to examine inter-observer repeatability for two 
nominal variables (Morgan et al. 2004; Sim and Wright 2005). The results observed 
on JK in the current study are in agreement with the studies of Beynnon et al. (2000) 
and Cross et al. (2005). They found knee JK to be more repeatable than knee JPS. 
Yan et al. (2000) also demonstrated excellent repeatability of knee JK in healthy 
elderly (ICC = 0.90 – 0.98) and healthy young (ICC = 0.85 – 0.98) adults.  
 
On the other hand, the findings of the present study contrast with the results of 
Barrett (1991) who reported a Pearson correlation coefficient of 0.82 when 
repeatability of knee JPS was evaluated in 20 healthy adults. Pearson correlation is 
a measure of linear association (relationship between two measurements) (Bland 
and Altman 1986) and not repeatability (the extent to which measurements agree) 
(Bland and Altman 1996a; Batterham and George 2000). Pearson’s correlation 
coefficient tends to increase when the spread of the data is large (Bland and Altman 
1996a; Batterham and George 2000). In Barrett’s study, subjects’ limbs were moved 
passively by the investigator, whereas a purpose-built motorised device was used in 
the present study. Subjects were tested in a sitting position in the present 
experiment while they examined their participants in a supine position. In supine 
participants are more relaxed than in sitting therefore this factor might have 
contributed to the ability of participants to accurately detect their JPS in a more 
repeated manner as observed by Barrett (1991). In addition, Barrett did not state the 
interval between the two sets of readings used to calculate the repeatability. It is 
possible that both readings were carried out within a day as the closer the testing 
sessions the lower the measurement errors (variations) that are likely to be recorded 
(Domholdt 2000). These methodological differences could have accounted for the 
contrasting results obtained.  
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Low repeatability of JPS tests (ICC = 0.18-0.58) obtained in the present study also 
contrasts with the results of Tsang and Hui-Chan (2003). They found between-days 
(1 week apart) repeatability of passive JPS to be excellent (ICC = 0.90) in eleven 
healthy elderly subjects (mean age + SD = 70.8 + 4.0 yrs). There are a few potential 
reasons for this discrepancy. In the study by Tsang and Hui-Chan (2003), subjects 
were tested in sitting with the knee at a starting angle of 300 and test angle of 30 
flexion. Whereas, in the present study the starting knee angle was 900 and the test 
angles were 250 and 100 flexion. It has been reported that joint mechanoreceptors 
are more sensitive near end range of knee extension (Lephart et al. 1992; Borsa et 
al. 1997). Since the test angle of the knee joint used in Tsang and Hui-Chan’s study 
was closer to the end range of knee extension than in the present investigation, it is 
possible that the knee joint mechanoreceptors in their subjects were somewhat 
more activated. Therefore, the present results on JPS could have been due to the 
test angles of the knee joint. The low repeatability of JPS measurements in the 
present study could be due to the participants’ age. It has been found that 
proprioceptive acuity decreases with increase in age in adults (Skinner et al. 1984; 
Hurley et al. 1998) but increases with advancing age in children (Visser and Geuze 
2001; Goble et al. 2005). Growth spurts in children are believed to be accompanied 
by stretching of the collagen (Bird 2005) and this may therefore cause a temporary 
proprioception deficit in children compared with adults.  
 
Cutaneous input was minimised by means of an air splint in the study by Tsang and 
Hui-Chan (2003). However, cutaneous input was not minimised in the present study 
using an air splint. It is believed that air splints, in addition to minimising cutaneous 
sensation may stimulate articular pressure-sensitive mechanoreceptors (Stillman 
2000). Again, the findings of Tsang and Hui-Chan, (2003) could be the result of the 
air splint used as this could also have enhanced the proprioceptive acuity of their 
participants and may have resulted in the better test-retest repeatability reported in 
their study.  
 
The mean AAE for both JPS at 250 and 100 decreased during the second session in 
both healthy children (Tables 6.2) and those with HMS (Table 6.3), suggesting that 
learning effects previously observed in healthy children (section 5.7.7) might have 
been a factor. These decreases were not statistically significant (paired t-test p 
range = 0.100 to 0.860), however. Testing was carried out at different times during 
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the two sessions, which might have led to the results obtained. Some participants 
came directly to the lab after school during the first visit and they attended the lab 
directly from home during the second visit, as the following week coincided with 
school holidays. This could have lead to fatigue on the part of the participants 
coming directly to the lab from school. 
 
Cognitive distraction during testing has been reported to affect JPS testing (Taylor et 
al. 1998). The presence of other people in the lab during testing might have affected 
the children’s level of concentration. In addition, the limb support used for testing 
was found to be small for some participants, and could have resulted in difficulty for 
the researcher to align subjects’ knee joint flexion-extension axis with the centre of 
rotation of the driving shaft. This might have led to error in the ability of the 
researcher to identify and align the knee axis in a repeated manner. This is an 
important consideration as test-retest/intra-rater repeatability of identifying the knee 
flexion-extension axis was not examined in this thesis but could be an area for future 
research.  
 
Based on the results of ICC, knee flexion during the loading response and maximum 
knee flexion were observed with excellent repeatability in healthy children (ICC = 
0.84) and those with HMS (ICC = 0.81) respectively. However, 95% LOA showed 
small between-days measurement error for functional ROM in healthy children, with 
the exception of maximum knee flexion. In addition, LOA demonstrates minimal 
variation during repeated measurements of knee kinematics in children with HMS, 
indicating excellent repeatability with the exception of maximum knee flexion in 
healthy children. These findings are in agreement with those of Gorton et al. (1997). 
They reported low between-days repeatability of knee joint kinematics in healthy 
children using the VICON system.  
 
Marker placement was carried out by the investigator on successive days of testing 
in the current study. Despite the extreme care taken in the marker placement 
procedure, it was difficult to align the knee joint axis of rotation repeatedly. 
Therefore, the results of knee joint kinematics may also be due to errors in 
determining the knee joint centre correctly (Leardini et al. 1999). The markers were 
susceptible to skin movement that could also have influenced the knee kinematic 
measures. Finally, each individual’s walking pattern may be affected by mood and 
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fatigue (Beck et al. 1981). All these could have affected the between-days 
repeatability of knee kinematics in this study. 
 
Since children with HMS may present with pain, it was anticipated that repeatability 
was going to be poorer in children with this condition than the controls. However, the 
findings of knee muscle torque assessment were similar in both groups. Another 
interesting observation in the present study was the between-days variation in knee 
kinematic measurements which was lower (based on 95% LOA) in the HMS group 
than in controls. The reasons for these findings are not readily known. It has been 
reported that muscle torque improved with increasing age in children (Barber-Westin 
et al. 2006; Eek et al. 2006). Gorton et al. (1997) found that younger children had 
lower between-days repeatability of knee kinematic measurements than their older 
counterparts. Therefore, the results obtained in the current study may be due to the 
age difference of the participants, as the HMS cohort was on average 2 years older 
than the healthy group.  
 
There are some limitations to this study. First, only the knee joint was tested in the 
present study thereby limiting the generalisability of the findings to other joints. 
Secondly, the participants in the present study were healthy children and those with 
HMS. Therefore, the findings should be extrapolated to other groups with caution. 
Additionally, the limited number of participants in this study may have contributed to 
false negative findings (Type 2 errors) in relation to JPS and knee joint angles 
during walking. The findings do, however, provide important preliminary data on the 
test-retest and intra-rater repeatability of knee joint proprioception, muscle torque, 
pain, QoL and passive ROM in children with HMS. 
6.6 Conclusion 
In conclusion, the neuromuscular, functional ROM and QoL indices measures were 
repeatable in healthy children and those with HMS. Of the 12 outcome measures 
assessed 4 (the 2 JPS tests and 2 variables of functional ROM during walking) did 
not reach the acceptable level of ICC value for repeatability in both groups. These 
findings suggest that, using these assessments, clinicians could measure pain, JK, 
muscle torque, passive ROM and QoL repeatedly in children diagnosed with HMS. 
Such assessments could be used to identify impairments, QoL and changes over 
time, thereby influencing treatment plans for children with HMS. Furthermore, JPS 
tests and knee kinematics in children should be used with caution.   
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The results of this study revealed that between-days repeatability in children 
diagnosed with HMS was similar to that obtained in healthy children. In general, all 
the potential sources of variability can be expected to influence the between-days 
repeatability of both JPS tests and knee kinematic data. The sample size used in the 
present study was small; therefore, it may be necessary to develop a profile of 
repeatability characteristics for healthy children and those with HMS using a larger 
sample size. Moreover, examination of raw data of the subjects (the two JPS and 
knee kinematics) revealed that there was a small between subjects variability. This 
could have accounted for the low ICC values obtained for these measurement 
parameters. The limitation of the ICC is that it is strongly influenced by the 
magnitude of the variance between subjects (Batterham and George 2000). 
Therefore, to overcome this limitation, it is recommended that the ICC should be 
combined with other methods of repeatability analysis such as 95% LOA. The 
present study was carried out on the knee joint, limiting the generalisability of the 
results to other joints.  
 
Due to the developmental nature of the present study and time spent on the 
validation and repeatability experiments, the within-day and inter-rater repeatability 
of the outcome measures could not be investigated. It is acknowledged that for 
broader use and applicability, other aspects of repeatability of the outcome 
measures should be investigated. This is an area for further study.  
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6.7 Overall Summary 
This chapter has reported the test-retest (intra-rater) repeatability of the outcome 
measures used in the present study. The assessment methods for children 
diagnosed with HMS demonstrated, in general, excellent test-retest repeatability. 
The test-retest repeatability for JPS tests and functional ROM measurements using 
ICC and 95% LOA in healthy children, those with HMS and the combined group 
were not as high as those for QoL, pain, JK, muscle torque and ROM. However, 
JPS test and functional ROM were still examined in the present study as the 
researcher believes that the low repeatability may not limit the ability of their 
measures to detect any group difference in a cross-sectional study, since the 
assessment will be carried out on just one occasion (Petrie et al. 2002; Mann 2003; 
Levin 2006).  
 
From these test-retest (intra-rater) repeatability experiments it was decided that 
there was sufficient evidence of repeatability to merit further use of the measures to 
determine the neuromuscular performance, functional ROM and QoL characteristics 
in larger healthy and HMS cohorts. This testing procedure was therefore used 
during data collection in both healthy children and those with HMS.   
 
The following chapter present the methods and results of the assessment of healthy 
children and those with HMS. 
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CHAPTER 7 : ASSESSMENT OF HEALTHY CHILDREN AND 
THOSE DIAGNOSED WITH HYPERMOBILITY SYNDROME 
7.1 Introduction 
Having established an acceptable level of repeatability of the testing procedure, a 
study was carried out to fulfil the remaining aims of the research. An assessment of 
healthy children and those diagnosed with HMS (based on the Beighton criteria) 
was carried out. This chapter outlines the experimental design and the recruitment 
of healthy and experimental subjects. In addition, the results of neuromuscular 
performance, functional ROM and quality of life (QoL) characteristics in healthy 
children, those with HMS and the comparisons of the two groups are presented.  
7.2 Methods 
7.2.1 Research Design 
A cross-sectional design was used in the present study. However, the test-retest 
repeatability of the outcome measures and intra-rater repeatability was also 
investigated to justify the generalisability of the findings. A cross-sectional study is 
usually conducted to estimate the prevalence of the outcome of interest for a given 
population, where data can be collected on individual characteristics at only one 
point in time (Petrie et al. 2002; Mann 2003; Levin 2006). Levin (2006, p. 25) stated 
that “cross-sectional studies provide a 'snapshot' of the outcome and the 
characteristics associated with it, at a specific point in time”. A cross-sectional study 
is a valuable design that can be used in cases where the 'gold standard' of study 
design (double blind randomised controlled or randomised controlled trials (RCTs)) 
cannot be used due to ethical reasons (Mann 2003). RCTs may be expensive and 
may require a large sample size and lengthy periods to generate data.  
 
On the other hand, a cross-sectional study is easy, inexpensive and less time 
consuming than RCTs (Petrie et al. 2002; Man 2003; Levin 2006). In a cross-
sectional design, fewer subjects are needed. The prevalence of the outcome of 
interest can be estimated because the sample is usually taken from the whole 
population (Mann 2003; Levin 2006). This design can be used for assessing many 
outcomes or variables in one study (Mann 2003; Levin 2006). It is also useful for 
public health planning, understanding disease aetiology and for the generation of 
hypotheses (Levin 2006). In addition, a cross-sectional study is not associated with 
the risk of loss to follow-up as participants are examined once (Levin 2006). The 
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following are possible limitations of a cross-sectional study: it does not provide an 
explanation for its findings (Mann 2003); observations from a ‘snap shot’ in a cross-
sectional study may not be a true reflection of the studied population as differing 
results may be obtained if another time-frame had been chosen (Levin 2006); this 
design cannot be used effectively in rare conditions (Mann 2003); and it is prone to 
prevalence-incidence bias especially in the case of long-lasting diseases (Levin 
2006). Given that many outcomes were investigated in the present research and the 
advantages of a cross-sectional study, this design was used in the present study. In 
addition, since participant drop-outs may be associated with many visits, therefore, 
to avoid inadequate sample size, the design was chosen. 
7.2.2 Sample Size Determination 
Following a pilot study with healthy children (n = 5 healthy participants) (section 
5.12), a power calculation was performed using an online computer programme 
‘Power and Sample Size Calculation’ (PS 2005), to determine the sample size (at 
90% power and α = 0.05) for this study. Sample size calculation was based on two 
independent group comparisons (assuming normality). No previous data was 
available on minimal clinically relevant difference in knee joint proprioception in 
children. However, during a discussion with an expert who had published 
extensively in the field of proprioception (R. J. Petrella, personal communication 
02/02/2005), it was suggested that a mean difference of 30 could be used as the 
minimal clinically relevant difference in knee joint proprioception (JPS) between 
healthy children and those with HMS. A standard deviation of 2.70 was also used in 
the calculations (based on the pilot study in section 5.6.7). This indicated that 27 
subjects were required in each group (healthy children and children with HMS).  
 
A second power calculation was carried out after the repeatability experiments 
(section 6.2) with healthy children to confirm the sample size previously determined. 
Using the standard deviation of the repeatability study for the JPS test at 250 (n = 10 
healthy children) but all other factors remaining the same, revealed that 26 subjects 
were needed in each group to detect a statistically significant difference. Following 
these power calculations, it was decided by the researcher to recruit as many 
subjects as possible in each group to allow for sub-group analyses, account for 
potential attrition and enhance generalisability of the findings. 
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It has been suggested that when there is more than one outcome measure such as 
in the present study (joint proprioception, muscle torque, ROM, functional ROM, 
pain and QoL), the sample size for each outcome measures should be calculated 
and the result of the largest sample size from the calculations should be used for the 
study (Rigby and Vail 1998). This was not the case in the present study, however, 
because impaired joint proprioception may be a key factor associated with HMS. For 
example, impaired knee joint (Hall et al. 1995) and proximal interphalangeal joint 
(Mallik et al. 1994) proprioception has previously been observed in adult patients 
with HMS when compared with matched controls. Knee joint proprioception has also 
been reported to be impaired in subjects with generalised joint laxity (Barrack et al. 
1983b). Therefore, it was considered that knee joint proprioception might also be 
affected in children diagnosed with HMS. Additionally, joint proprioception was the 
focus of the present research. Within the present study, two proprioception 
outcomes (knee joint kinaesthesia and joint position sense (at 250 and 100 knee 
flexion)) were examined. Comparisons of the results of the repeatability experiment 
in healthy children (section 6.4) revealed no significant difference (p range = 0.146 
to 0.894) between knee joint kinaesthesia (JK) and joint position sense (JPS) tests 
(at 250 and 100 knee flexion). Additionally, no significant difference was observed 
between JPS at 250 and 100. Given these reasons, a pragmatic decision was made 
by the present researcher to use the knee joint proprioception (JPS at 250) as the 
outcome measure for power calculation in the present study.  
7.2.3 Healthy Subjects Design                 
HMS commonly affects children between the ages of 8 to 15 years (Finsterbush and 
Pogrund 1982; Biro et al. 1983). Gait maturation in children reaches its peak at the 
age of 8 years (Katoh et al. 1993). In addition, the task undertaken during JPS and 
JK tests may be difficult to perform by children younger than 8 years, and 
generalised joint laxity (GJL) is known to decrease with increasing age (Cheng et al. 
1991; Flynn et al. 2000; Jansson et al. 2004). Moreover, HMS is more common in 
girls than boys (Everman and Robin 1998; Vougiouka et al. 2000; Jasson et al. 
2004; Sekin et al. 2005; Bird 2007) and varies among people of different ethnic 
origin. In order to create a database for comparison, a sample representing the HMS 
population, should, ideally, have a spread of age, gender and ethnic background. 
However, it was difficult to control for all these variables within a relatively small 
sample of children with HMS. Therefore, a database of a convenience sample of 
healthy children aged 8-15 years was chosen. 
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7.2.3.1 Ethical Considerations and Approval 
General Ethical Codes 
There are two codes of ethics that provide guidance to physiotherapy researchers. 
The first code is the Nuremberg treaty that was developed in 1949 on permissible 
medical experiments (Levine 1988). It highlights 10 principles for the conduct of 
medical research. This code was moved forward in 1964 by the World Medical 
Association’s Declaration of Helsinki that was modified in 1975 (Levine 1988). This 
provided 12 guiding principles for the conduct of research involving human subjects. 
The Helsinki Declaration provides international ethical guidance relating to research 
involving human subjects and supports the details contained within the Nuremberg 
Code and clarifies them. It also examines issues pertaining to children participating 
as subjects in research, for example informed consent. Both the Nuremberg and 
Helsinki documents are discussed in detail by Levine (1988). 
 
Ethical Considerations in Paediatric Research 
Ethical principles provide a basis for making decisions about professional and 
personal conduct. Research involving children is associated with some ethical 
issues that may not be encountered in competent adults (Puntney 2002). Greig and 
Taylor (1999) stated that there are challenging ethical dilemmas faced by 
researchers undertaking research with children and their families. Ethical issues in 
research involving children have recently been the subject of discussion (Greig and 
Taylor 1999). Therefore, ethics in relation to research with children requires the 
knowledge of both general ethics theory and exploration of the general principles of 
undertaking research on human subjects. The potential ethical issues in research 
involving children were carefully considered when planning and implementing the 
present research. In this section, the general ethical codes regarding the conduct of 
research involving human subjects are highlighted. The ethical issues in this study 
that are peculiar to research in children that are not commonly encountered with 
competent adults and how they were addressed are discussed below. 
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7.2.3.2 Ethical Considerations  
Informed Consent (Voluntary) 
The Children (Scotland) Act (Scottish Executive 1995) stated that children under the 
age of 16 years may consent to treatment provided they have sufficient 
understanding of what is proposed. A child’s ability to give informed consent 
depends on their lived experience or social context in terms of how much they 
understand what is involved in a research (Puntney 2002). As a result, it has been 
suggested that consent for treatment should be obtained from both the child and 
parent (Dimond 1996; Puntney 2002). Although consenting for treatment is not the 
same as giving consent for taking part in research, Dimond (1996) advocated that 
similar consideration should prevail. To ensure that the children knew that they had 
a choice as to whether to participate in the present study and that they had right to 
withdraw from the research at any time if they wished, informed written consent was 
obtained from both the healthy children and their parents or guardian (Appendix 3.6 
and 3.7). Informed written consent was also obtained from children with HMS and 
their parents/guardians (Appendix 3.12 and 3.13). The present researcher explained 
the test procedure, duration of the study and verbal consent was also ongoing 
during the data collection process to develop trust between the researcher and 
children (Puntney 2002).  
 
Child Protection 
Children (Scotland) Act (Scottish Executive 1995) acknowledged that children can 
be victims of physical, sexual, and emotional abuse, neglect and bullying from adults 
working with them. Child abuse can have serious and long-term effects on all 
aspects of a child’s health, development and well-being (DoH 1989).  Sustained 
abuse is likely to have a deep effect on a child’s self-image, self-esteem and future 
life (DoH 1989). Therefore, to ensure that the children that participated in the 
present research were protected, the following were considered. 
 
A Disclosure Scotland check was obtained to ensure that the present researcher did 
not have any criminal record that prevented him from having contact with children. 
Disclosure Scotland is a service provided by Scottish Ministers to manage and 
operate in Scotland to provide informed decisions about people having contact with 
children or other vulnerable members of the society such as the elderly, sick, people 
with disabilities or special needs. The researcher did not have direct access to the 
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children involved in the research as they were approached through their parents or 
guardians. None of the participating children was examined by the researcher 
without their parent/guardian or an accompanying adult present during data 
collection. 
7.2.3.3 Ethical Approval 
Ethical Approval was applied for and granted by Queen Margaret University Ethics 
Committee (Appendix 3.8) and the Department of Education, Edinburgh City Council 
(Appendix 3.9) for access to all healthy school children and their participation in this 
study. Ethical approval was also granted by QMU (Appendix 3.8) and the Lothian 
Local Research Ethics Committees (Appendix 3.14) for the testing protocols and 
access to all patients with HMS. The parents of all participants (healthy and HMS) 
and the participants were not asked to consent to the study for at least 48 hours 
after receiving the information about the study. In accordance with the data 
protection act (1984), a coding procedure was adopted so that only the principal 
investigator knew which results pertained to which subject. 
7.2.3.4 Design (Healthy Subjects) 
In order to be able to generalise the findings of the present study and to allow for 
sub-group analysis, a convenience sample of thirty-seven healthy children 
volunteers were recruited (20 boys and 17 girls). Each group was further split into 2 
age cohorts i.e. 8 to 12 years, and 13 to 15 years. In order not to disrupt the 
children’s school activities and for the convenience of parents/guardians, healthy 
subjects were tested in the afternoons (after school), on Saturdays mornings and 
during school holidays. 
7.2.3.5 Recruitment and Exclusion Criteria 
Healthy school children were recruited between October 2004 and September 2005 
and were drawn from the following populations: 
(1) Local Primary and Secondary Schools. 
(2) Children of staff members of Queen Margaret University, Edinburgh. 
 
These populations were chosen as it was easier to arrange participants’ visits to the 
University because the majority of the volunteers lived within the area. The potential 
participants (from schools) were identified by head teachers of the participating 
schools. A letter of invitation to participate in the study together with a response slip 
(Appendices 3.1 and 3.2) was sent by the head teachers of the participating schools 
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to the parents of all the potential participants. Parents that agreed for their children 
to participate in the research completed the response slip and returned it to the head 
teacher of their children’s school. Following this, a letter of invitation, response 
sheet, pre-paid envelope, information sheet and copies of parental and participant 
consent forms (Appendices 3.3 to 3.7) were sent by the investigator to the parents 
that were willing to allow their children to participate. Parents were asked to return 
the completed response sheet and signed consent forms (one each) to the 
investigator in the pre-paid envelope. The response sheet contained the contact 
details of the participants.  
 
On receiving the completed response sheet and consent forms, the investigator 
contacted the parents of the participants by telephone to confirm that they were still 
interested and to make necessary arrangements for the child and parent/guardian to 
visit the University. A letter of invitation was sent to parents of approximately two 
hundred healthy school children to ask if they would allow their children to 
participate in the study. Responses were received from 47 parents indicating their 
willingness to allow their child/children to take part in the study. Two participants 
were excluded (one with a severe knee injury within the last six months and another 
with multiple joint pain). Seven healthy children failed to turn up for testing. In total, 
38 participants attended the laboratory to participate in the study. Of these 38, one 
participant changed her mind and withdrew before testing began, without giving any 
reason. This left 37 healthy children to participate in the investigation. 
 
Recruiting healthy subjects was challenging for the following reasons: 
• The researcher had no direct access to the school children. 
• Children were not seen without their parents or an adult accompanying them. 
As a result it was not easy to find suitable times to attend for testing.  
 
On arriving at QMU, the parents and the participating children were received by the 
investigator at reception, from where they were led to the human motion analysis 
laboratory (HMAL). In the HMAL, the purpose and testing procedures of the study 
were restated and the children and parent/guardian were asked if they were still 
willing to participate. Each child and his or her parent/guardian were also given 
opportunity to ask questions regarding the testing procedure. At this point, the 
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timescale for the testing session was reiterated and the testing procedure 
commenced.  
7.2.4 HMS Subjects Design 
Twenty-nine children (8 boys and 21 girls) diagnosed with HMS aged 8 to 15 years 
were recruited from the rheumatology out patient department at the Royal Hospital 
for Sick Children (RHSC), Edinburgh and Springwell Podiatry Clinic, Edinburgh.  
 
Recruitment, Selection, Inclusion and Exclusion Criteria 
Suitable participants with HMS were initially identified using the medical record 
system of the rheumatology outpatient department at the RHSC, Edinburgh by a 
clinical specialist physiotherapist (the local investigator) at the hospital and the 
medical secretary at the rheumatology department. Patients were recruited from the 
medical case record of those that had a consultation within the previous 5 years 
(2000 to 2005).  
 
The local investigator and medical secretary identified the potential participants 
under the terms of the ethical approval given by the Local Research Ethics 
Committee. They were also responsible for sending the letter of invitation (Appendix 
3.10), signed by the Consultant rheumatologist, to the parents of the identified 
children. Recruitment was limited to consultations within the past 5 years because it 
was believed that the response rate might be poor if longer periods were used (for 
example, the families might have changed address). Additionally, the researcher felt 
that most patients were likely not to be within the age group (8 – 15 years) used for 
the study. Children diagnosed with HMS were also recruited from the Springwell 
Podiatry Clinic, Edinburgh. Due to a shortage of secretariat staff in this clinic, 
potential participants were identified from the previous patients’ medical record 
system by the researcher. To do this, the researcher went through each case file of 
all patients seen at the clinic from January 2000 to September 2005. Patients aged 
8 – 15 years diagnosed with HMS who fulfilled the inclusion criteria (as stated in the 
following section) were selected for inclusion in the study. The inclusion/exclusion 
criteria were established using the information available from the medical records of 
the participants. 
 
 
 
 225 
 
A letter of invitation (Appendix 3.10) to participate in the research was also sent to 
the parents of the potential participants by the Head of Podiatry at Springwell 
Podiatry Clinic. Attached with the letters were a response sheet (Appendix 3.4), pre-
paid envelope and information sheet (Appendix 3.11). Parents were asked to return 
the completed response sheets (to the investigator) in the pre-paid envelopes 
provided. The response sheet contained the contact details of the participants. It 
was emphasised on the letter that their participation in the research was not going to 
affect or alter any treatment. 
 
On receiving the completed response slips, the investigator contacted the parents of 
the potential participants to confirm if they were still interested in taking part and to 
make necessary arrangements for their visit to the University. Parents of 103 
children with HMS were contacted and responses were received from 36 parents 
(accounting for 35%), indicating their willingness to allow their children to take part in 
the study. However, letters delivered to the addresses of three (of the 103) potential 
participants were returned, as they were not known at the given address. Five 
subjects were excluded (3 with Ehler Danlos syndrome, 1 with rheumatoid arthritis, 
1 with learning difficulty) while 2 subjects did not turn up for participation, leaving 29.  
All testing was carried out in the HMAL at QMU and the procedure was as described 
for healthy children in 7.3.3. Patients were recruited between July 2005 and October 
2005. 
 
Patients were difficult to recruit because the investigator did not have direct access 
to the medical record system. The investigator therefore relied on the local 
investigator and medical secretary to help identify patients. A limited number of 
patients were identified in this manner and it is possible that not all the parents of 
the eligible patients were contacted. Due to child protection law (Scottish Executive 
1995), children were not seen without their parents or an accompanying adult. This 
made it difficult to arrange a suitable time for some participants and children to 
attend the laboratory. 
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Inclusion/ Exclusion Criteria 
The local investigator was asked to apply the following general inclusion/exclusion 
criteria to the potential participants, using the information available from the medical 
records: 
1. Aged between 8 to 15 years. The reasons for choosing this age group have 
been discussed in section 7.2.3 of this thesis. 
2. Subjects must have been diagnosed (based on the Beighton criteria) with 
HMS to be recruited to the HMS group. 
3. A minimum Beighton score of 6/9. 
4. Subjects must not show any evidence of identifiable hereditary disease of 
the connective tissue such as Marfan syndrome. 
5. Subjects must not have cognitive difficulty and/or visual impairment. 
Cognitive difficulty may affect a child’s ability to consent to the research as 
they may not be able to understand the study protocol, making their 
participation unethical (Puntney 2002). 
6. Subjects with rheumatoid, juvenile idiopathic arthritis and other 
rheumatological disorders were excluded from participating. This was 
because these conditions may be associated with musculoskeletal 
complaints and poor quality of life (Jarwoski 1993; Schanberg et al. 2003; 
Sallfors et al. 2004). 
7. Subjects with developmental coordination disorder were also to be excluded 
as muscle performance (Raynor 2001), perception deficits (Newnham and 
McKenzie 1993) and information processing problems (Raynor 1998) have 
been found in children with this condition.  
8. Children (healthy or those with HMS) with an injury affecting the knee joint 
were also excluded as it is believed that this may cause impairment in joint 
proprioception.  
 
Participants were still invited even where information regarding the above was not 
available. The presence of any of the above, with the exception of the Beighton 
score, was confirmed on the telephone with the parent/guardian of each participant 
before an appointment was made for their visit to the laboratory. Beighton score was 
confirmed by the researcher in HMAL before testing. 
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7.3 Procedure 
Each subject wore a T-shirt and a pair of lycra® shorts as this enabled the 
researcher to identify the bony landmarks at the knee joint. Demographic details 
including age, gender, height body weight, age of onset of HMS symptoms, joints 
affected and type of treatment received by the patients were collected. Lower limb 
dominance was also determined by asking each participant to kick a football to a 
target (Sadeghi et al. 2000; Wiggin et al. 2006). The details of the testing protocol 
have been presented in section 6.2. In addition to this, Beighton scores were used 
by the investigator to determine the extent of generalised joint laxity in children with 
HMS before testing. This was done to confirm the diagnosis and to allow exploration 
of the possible relationship between Beighton scores and the possible impairments, 
activity limitations and participation restrictions in children with HMS.  
 
Patients with Beighton scores of 6/9 or more (Mikkelsson et al. 1996) were included 
in the study. A Beighton score of 6/9 was used because that was the cut-off point 
used by the Consultant rheumatologist at the RHSC, Edinburgh. The assessment 
method developed was used for assessing the level of neuromuscular impairments, 
functional ability and QoL in children with HMS.  
 
In summary 37 healthy children (20 boys and 17 girls) and 29 children with HMS (8 
boys and 21 girls) were included in the study. 
 
7.4 Data Analysis 
7.4.1 Test of Normality/Descriptive Statistics  
Tests of normality were performed with SPSS version 13 (SPSS, Chicago, IL, USA) 
using the Shapiro-Wilk tests (for samples < 50). Normality tests revealed that some 
variables were normally distributed while some were not normally distributed 
(Appendix 3.15) in both healthy children and those with HMS. Non-normally 
distributed data was transformed with SPPS version 12 using log to base ten (Bland 
and Altman 1996b). Transformation of the data was attempted to enable the 
researcher to apply parametric statistical analysis, believed to be a more powerful 
statistical test than the non parametric statistically analysis (Morgan et al. 2004; 
Munro 2005). Following the process of transformation, however, only extension 
ROM attained normal distribution. The other non-normally distributed variables could 
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not be transformed. The transformed data was therefore not used. Parametric 
statistical analysis (independent t-test) was used to compare normally distributed 
data while the non parametric equivalent (Mann Whitney-U test) was used to 
compare the non-normally distributed data. There were instances where the data for 
either healthy children or HMS cohort were normally distributed and were non-
normally distributed in the other group. Group comparisons for such data were also 
made using the Mann Whitney-U tests due to the occurrence of non-normally 
distributed data. 
 
The mean and standard deviation of normally distributed data were calculated and 
reported for healthy children and children diagnosed with HMS (Morgan et al. 2004; 
Munro 2005). The median and interquartile range of non-normally distributed and 
ordinal variables were calculated and reported (Morgan et al. 2004; Munro 2005).  
7.4.2 Inferential Statistics  
Group Comparisons 
Normally distributed data (flexion ROM, kinematics data and muscle torque) 
(Morgan et al. 2004; Salkind 2004; Munro 2005) in healthy children were analysed 
using independent sample t-tests. However, Mann - Whitney U tests were 
performed for non-normally distributed (pain, extension ROM, JPS, JPS at 250, JPS 
at 100) and ordinal data (QoL) (Morgan et al. 2004; Salkind 2004; Munro 2005) in 
healthy children. Differences between healthy and HMS cohorts were examined 
using independent sample t-tests for normally distributed data (functional ROM). 
Similarly, Mann - Whitney U tests were applied to examine group differences for 
non-normally distributed (pain, ROM, muscle torque, kinaesthesia, JPS 250 and at 
100) and ordinal data (QoL) between healthy and HMS cohorts. Statistical 
significance was set at the 95% probability level (α < 0.05) (Morgan et al. 2004; 
Salkind 2004; Munro 2005).  
 
Relationships between Variables 
The relationships between the following variables were investigated using 
Spearman rho correlation coefficients:  Knee JK and JPS tests in healthy children; 
pain and each of the measured variables in children with HMS; and Beighton scores 
and all the parameters included in the outcome measures used in the present study. 
Values of r > -0.5 and > 0.5 were accepted as high negative and positive correlation 
respectively (Morgan et al. 2004; Salkind 2004; Munro 2005). All correlation 
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analyses reported in this thesis are expressed using correlation coefficients (r). Pain 
was used as the independent variable for correlation analysis because HMS is often 
diagnosed by the presence of generalised joint laxity and musculoskeletal pain 
(Mikkelsson et al. 1996; Ferrell et al. 2004). Moreover, clinicians believe that pain is 
a primary indicator in children with HMS (Everman and Robin 1998; Gurley-Green 
2001; Murray and Woo 2001).  
 
The results of neuromuscular, functional ROM and QoL in healthy children, those 
with HMS and the comparisons of the two groups are reported in the next section. 
7.5 Results  
Sixty-six children (37 healthy and 29 with HMS) participated in this study. 
Neuromuscular performance, functional ROM during walking and QoL 
characteristics were determined. Raw data for these measurements in healthy 
children and those with HMS is provided on a CD-ROM (Appendix 5). To fulfil the 
primary and secondary aims of the study, data analyses were carried out to 
investigate the following: 
• The differences between healthy children and those with HMS. 
• The relationships between pain and each of the following: neuromuscular 
impairments, activity limitations and participation restrictions in children with 
HMS.  
• The relationships between Beighton scores and all the outcomes measured 
in children with HMS.  
• Gender- and age-related patterns on these variables in healthy children.  
• The relationships between joint kinaesthesia (JK) and joint position sense 
(JPS) tests in healthy children.  
 
The results of these analyses are presented in this section. 
7.5.1 Subject Demographics 
The healthy children cohort consisted of 20 boys and 17 girls. The HMS cohort 
comprised of 8 boys and 21 girls diagnosed with HMS based on the Beighton 
scores. Table 7.1 shows the mean and standard deviation (SD) age, height and 
weight of the healthy and HMS children. Table 7.2 presents the average Beighton 
scores and age of onset of symptoms in children diagnosed with HMS. The average 
Beighton scores in boys and girls with HMS were similar. The mean age of onset of 
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pain recorded in boys with HMS was 6.2 + 3.5 years and was 8.0 + 2.7 years in girls 
with HMS. The combined average age of onset in children with HMS was 7.5 + 3.0 
years.  
 
The distribution of GJL in children diagnosed with HMS is illustrated in Figure 7.1. 
The Figure shows that laxity of the knee and elbow joints were the most common 
while forward flexion was the least common in children with HMS. The pattern of 
symptomatic (painful) joints in patients with HMS is demonstrated in Figure 7.2. 
From Figure 7.2, it can be seen that knees were mostly symptomatic in children with 
HMS and accounted for 86.2% of the HMS patients tested. Ankles were the next 
most symptomatic. The toes and elbow joint were found to be the least symptomatic 
in these children.   
 
Table 7.1: Characteristics of healthy children and those with HMS 
Cohort Healthy Children (n = 37) 
       Mean                SD 
HMS (n = 29) 
    Mean               SD 
    P values  
Age (years) 11.5  2.6 11.9  1.8 0.482 
Height (cm) 153.0  16.0 152.0  15.0 0.814 
Body Mass 
(kg) 
48.3  14.3 51.7  17.3 0.386 
Activity level 
(hrs/week) 
5.8 2.5 6.1 4.5 0.740 
p values derived from independent t-test 
 
Table 7.2: Mean Beighton scores (>6) and age of onset of symptoms in 
children diagnosed with HMS  
                       
Gender  Boys (n =8) 
 
Mean        SD 
Girls (n = 21) 
 
Mean          SD 
All Subjects 
(n = 29) 
Mean      SD 
Beighton Scores 6.9  1.4 7.1  1.1 7.0  1.2 
Age of onset of 
symptom 
6.2  3.5 8.0  2.7 7.5  3.0 
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Figure 7.1: Distribution of generalised joint laxity in children diagnosed with 
HMS (n = 29). Both the knee and elbow were mostly affected by joint laxity. 
The values shown are in percentage (%). 
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Figure 7.2: Pattern of symptomatic (painful) joints in HMS subjects (n = 29). 
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7.5.2 Comparisons of Results of Healthy and HMS Children 
Cohorts 
In order to identify differences between healthy and HMS children, all measurement 
variables were compared between healthy children and those with HMS using 
independent t-tests and Mann Whitney-U tests. The summary of the results are 
presented in Table 7.3.  
 
Table 7.3: Mean (SD)/median (IQR) of measurements and p values in healthy 
children (n = 37) and children with HMS (n = 29) 
Variables Healthy  
(n =37)  
HMS  
(n =29) 
p Values 
Proprioception (0)                 
JK  
    JPS at 250  
     JPS at 100 
 
2.0 (1.0) 
3.0 (3.0) 
1.0 (3.0) 
 
2.0 (1.5) 
7.4 (6.5) 
6.0 (5.0) 
 
<0.001* 
<0.001* 
   <0.001*    
Muscle Torque (Nm/kg) 
  Extension  
  Flexion 
 
1.5 (0.5) 
0.8 (0.2) 
 
1.2 (0.3) 
0.6 (0.2) 
 
<0.001* 
<0.001* 
 ROM(0)  
  Extension  
  Flexion 
 
-4.0 (1.5) 
143.0 (4.5) 
 
-13.0 (3.0) 
155.0 (5.5) 
 
<0.001* 
<0.001* 
Sagittal Knee Motion (0) 
    Extension 
    Knee Flexion LDR 
    Max Knee Flexion 
 
4.2 (6.0) 
20.0 (6.1) 
60.4 (6.6) 
 
-1.0 (3.5) 
12.6 (4.7) 
53.5 (4.6) 
 
<0.001† 
<0.001† 
<0.001† 
Walking speed (m/s) 1.2 (0.4) 1.2 (0.1)   0.496† 
Pain 0.0 (0.0) 2.5 (5.3) <0.001* 
QoL  
  Physical Functioning 
  Emotional Functioning 
  Social Functioning 
   School Functioning 
   Overall QoL 
 
100.0 (3.1) 
  100.0 (10.0) 
100.0 (5.0) 
100.0 (0.0) 
100.0 (6.8) 
 
75.1 (26.6) 
90.0 (27.5) 
90.0 (25.0) 
90.0 (45.0) 
   82.6 (21.8) 
 
<0.001* 
  0.003* 
<0.001*   
0.008*    
<0.001* 
†Values are in mean (SD) and by independent t-test, *values in median (IQR) and 
by Mann-Whitney U test. Significant p values are indicated in boldface. 
 233 
 
From the Table, it can be seen that there were significant differences (p range = 
<0.001 to 0.08) between healthy children and those with HMS for all the variables 
measured except for walking speed (p = 0.496). Figures 7.3 – 7.8 illustrate the 
median and IQR of pain, QoL, JK and AAE for the JPS measurements in healthy 
children and children with HMS. Figures 7.9 and 7.10 display the median and IQR of 
knee extensors and flexors muscle torque in healthy children and children with HMS 
in that order. In addition, the median and IQR of extension and flexion ROM in 
healthy children and children with HMS are demonstrated in Figures 7.11 and 7.12 
respectively. The mean knee joint angles in sagittal plane during walking in healthy 
and HMS cohorts are shown in Figure 7.13.  
 
From these box plots, the blue boxes represent the interquartile range (IQR) with the 
black line representing the median values. The whiskers represent the highest and 
lowest values excluding the outliers, which are represented with a small circle. 
Outliers indicate any values between the IQR box lengths from the upper or lower 
edges of the range and extremes (represented by a small star and indicating any 
values more than 3 IQR box lengths from the upper or lower edges of the IQR). 
Figure 7.3 shows the box plots for pain. From the Figure, it can be seen that the 
HMS cohort attained a higher median score than the healthy controls. There was no 
overlap of the IQR between healthy and HMS cohorts. There was a significant 
difference (p < 0.001) between the median scores of pain between the two groups. 
This indicates that children with HMS experienced more pain than the healthy group. 
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Figure 7.3: Box plots of pain in healthy children (n = 37) and children with 
HMS (n = 29) 
 
The box plots of the overall QoL perception is displayed in Figure 7.4. The Figure 
demonstrates higher median score in the overall QoL in children with HMS than the 
controls. QoL scores in the HMS group were widely spread while the healthy control 
had less variation. A statistically significant difference (p < 0.001) was found in the 
overall QoL scores between the two cohorts. These results imply that healthy 
children had better QoL perception than those with HMS. 
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Figure 7.4: Box plots of QoL in healthy children (n = 37) and children with HMS 
(n = 29) 
 
The median scores of QoL for the different domains are shown in Figure 7.5. It can 
be observed from the Figure, that the HMS cohort had higher median values of QoL 
in all the domains than the controls. The Figure also revealed that QoL scores for 
the HMS group were widely spread, while the controls displayed a relatively smaller 
amount of variation. There were significant differences (all p < 0.05) in all the 
domains of QoL between the two groups. These findings show that healthy children 
had better QoL perception in physical functioning, emotional functioning, social 
functioning and school functioning than the HMS cohort. 
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Figure 7.5: Box plots of different domains of QoL in healthy children (n = 37) 
and children with HMS (n = 29) 
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The box plots of JK and JPS tests are presented in Figures 7.6 – 7.8. The HMS 
group had higher median values of JK and AAE during JPS tests than healthy 
children. Significant differences (p < 0.001) were found in JK and JPS 
measurements between the two groups. This signifies that knee JK and JPS were 
impaired in children with HMS compared with the healthy cohort.  
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Figure 7.6: Box plots of JK in healthy children (n = 37) and children with HMS 
(n = 29) 
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Figure 7.7: Box plots of JPS at 250 in healthy children (n = 37) and children 
with HMS (n = 29) 
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Figure 7.8: Box plots of JPS at 100 in healthy children (n = 37) and children 
with HMS (n = 29) 
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Figure 7.9: Box plots of knee extensors muscle torque in healthy children (n = 
37) and children with HMS (n = 29)   
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Figure 7.10: Box plots of knee flexors muscle torque in healthy children (n = 
37) and children with HMS (n = 29)   
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Figures 7.9 and 7.10 depict the box plots of knee extensors and flexors muscle 
torque (in the controls and HMS cohort) respectively. Both the extensors and flexors 
muscle torque were significantly (both p < 0.001) higher in healthy children than the 
HMS cohort. This implies that children with HMS exhibited weaker extensors and 
flexors muscle muscles than their healthy counterparts. 
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Figure 7.11: Box plots of extension ROM in healthy children (n = 37) and 
children with HMS (n = 29) 
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Figure 7.12: Box plots of flexion ROM in healthy children (n = 37) and children 
with HMS (n = 29) 
 
The median values of knee extension and flexion ROM are displayed in Figures 
7.11 and 7.12 respectively. These Figures demonstrate that the values of extension 
and flexion ROM were higher in children with HMS than in healthy controls. There 
were significant differences in extension and flexion (both p < 0.001) ROM between 
the two groups. These findings imply that children with HMS had higher knee ROM 
than healthy children.  
 
The mean knee angles in the sagittal plane during walking in the two groups are 
shown in Figure 7.13. It can be seen from the figure that knee extension in mid-
stance, knee flexion during loading response and maximum knee flexion were 
higher in healthy children than in the HMS cohort. There were significant differences 
(all p < 0.001) in knee joint angles in sagittal plane during walking between the two 
groups. These findings indicate that sagittal knee motion was lower in children with 
HMS than the controls. 
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Figure 7.13: Mean (+2SD) knee angles in sagittal plane during walking in 
healthy children (n = 37) and children with HMS (n = 29). Error bars for healthy 
children = 2 (+SD) and error bars for HMS = 2 (-SD). 
 
In summary, children with HMS were found with significantly higher JK and JPS 
errors compared with the healthy controls. The HMS group also had significantly 
higher pain perception, passive ROM and knee extension during mid stance than 
the healthy cohort.  However, muscle torque, knee flexion during walking and QoL 
scores were significantly lower in children with HMS than their healthy counterparts. 
These findings indicate that children with HMS exhibited neuromuscular 
impairments and abnormal gait patterns than healthy controls. These children also 
had poorer overall QoL (all the domains) than the controls.  
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7.5.3 Relationship between Pain, Neuromuscular Impairments, 
Activity Limitations and Participation Restrictions in Children with 
HMS  
Section 7.5.2 demonstrates the features associated with HMS in children. Pain in 
the presence of GJL is an index often used for diagnosing HMS (Engelbert et al. 
2005; 2006). It is the most frequently reported neuromuscular impairment in these 
children (Everman and Robin 1998; Adib et al. 2005).   
 
In order to examine the relationships between neuromuscular impairments, activity 
limitations and participation restrictions in children with HMS, correlation analyses 
were carried out between pain and each of the following: JK, JPS, muscle torque, 
passive ROM, functional ROM during walking and QoL. The data for pain was not 
normally distributed (Shapiro-Wilk test; p < 0.05) and therefore a non-parametric 
correlation (the Spearman’s rho correlation) was used. The summary of the 
correlations between pain and these measurement variables are presented in Table 
7.4. 
 
There was no statistically significant correlation between any of the variables, except 
for a moderate negative correlation between pain and overall QoL (r = -0.650; p = 
<0.001). There were also moderate to high negative correlations (r range = -0.479 to 
-0.717; p range = <0.001 to 0.009.) between pain and school, emotional and 
physical functioning domains of QoL in these children. 
 
These findings indicate that using only pain as an index of diagnosis in conjunction 
with Beighton scores in children with HMS may not reflect the presence and level of 
other neuromuscular impairments such as proprioception and muscle torque in 
children with this condition. In addition, it seems that pain assessment alone may 
not indicate the extent of functional ROM in children with HMS. The significant 
correlation between pain and QoL in children with HMS signifies that a moderate 
relationship exists between these variables. This suggests that the higher the pain 
experienced by the children with HMS the poorer their QoL. 
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Table 7.4: Spearman’s correlations between pain, neuromuscular 
impairments, functional ROM during walking and QoL in children with HMS (n 
=29)  
Variable r Values p Values 
  Pain and JK 0.271 0.156 
Pain and JPS at 250 0. 071 0.715 
Pain and JPS at 100 0.198 0.303 
Pain and  Extension Muscle Torque -0.065 0.736 
Pain and  Flexion Muscle Torque -0.118 0.542 
Pain and KMST -0.308 0.106 
Pain and KFLRSP -0.048 0.805 
Pain and MKF 0.174 0.985 
Pain and Overall QoL 
Pain and Physical Functioning (QoL) 
Pain and Emotional Functioning (QoL)
Pain and Social Functioning (QoL) 
Pain and School Functioning (QoL) 
-0.650 
-0.717 
-0.614 
-0.395 
-0.479 
  <0.001 
  <0.001 
0.001 
0.034 
0.009 
r = Spearman correlation coefficient: statistically significant values at α<0.0039 
(Bonferroni correction due to multiple correlations = 0.05/13) are indicated in 
boldface. 
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7.5.4 Results of Neuromuscular Performance, Functional ROM 
and QoL Characteristics of the Healthy Children Cohort 
The level of neuromuscular, functional ROM and QoL characteristics in healthy 
children was examined. The summary of the results of all the measurement 
parameters in healthy children are shown in Table 7.5. Based on the results of tests 
of normality (Appendix 3.15), the mean/standard deviation (SD) of the normally 
distributed data and median/interquartile range (IQR) values of non-normally 
distributed data are reported as appropriate.  
 
Table 7.5: Mean/median and SD/IQR of all measurements in healthy children (n 
= 37)  
 
Variables Mean SD Median IQR 
Proprioception (0)                    
JK  
    JPS at 250  
     JPS at 100 
 
- 
3.8  
- 
 
- 
2.6  
- 
 
2.0  
- 
1.0  
 
1.0  
- 
3.0  
Muscle Torque (Nm/kg) 
     Extension  
     Flexion 
 
1.6  
0.8 
 
0.3  
 0.2 
 
-  
- 
 
- 
- 
 ROM(0)  
     Extension  
     Flexion 
 
- 
142.8 
 
- 
4.1 
 
-4.0  
- 
 
1.5  
- 
Sagittal Knee Motion (0) 
    Extension 
    Knee Flexion LDR 
    Max Knee Flexion 
 
4.2  
20.0  
60.4 
 
5.6  
6.1  
6.6 
 
-  
- 
- 
 
- 
- 
-  
Pain - - 0.0  0.0  
QoL (Functioning) 
     Physical  
     Emotional  
     Social  
     School 
     Overall QoL 
 
- 
- 
- 
- 
- 
 
- 
- 
- 
- 
- 
 
100.0  
100.0 
100.0 
100.0 
100.0  
 
3.1 
10.0 
5.0 
0.0 
6.8  
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7.5.5 Effect of Gender on Neuromuscular, Functional ROM and 
QoL Characteristics in Healthy Children 
In order to investigate the effect of gender, independent t-tests and Mann-Whitney U 
tests were carried out. Table 7.6 presents the summary of the results of healthy 
boys and girls.  
 
Table 7.6: Mean (SD)/median (IQR) of measurements and p values of 
differences between healthy boys and girls 
Variables Boys 
(n =20) 
Girls 
(n = 17) 
p 
Values 
Proprioception (0)         
JK 
JPS at 250 
JPS at 100 
 
1.0 (2.0) 
3.3 (2.1) 
1.0 (2.8) 
 
2.0 (1.0) 
4.5 (3.0) 
1.0 (5.0) 
 
0.122* 
0.138† 
0.582* 
Muscle Torque (Nm/kg) 
Extension 
Flexion 
 
1.6 (0.3) 
0.8 (0.2) 
 
1.6 (0.3) 
0.8 (0.2) 
 
0.906† 
0.624† 
ROM(0) 
Extension 
Flexion 
 
-4.0 (1.8) 
141.3 (3.8) 
 
-5.0 (2.0) 
144.5 (3.9) 
 
0.020* 
0.015† 
Sagittal Knee Motion (0) 
Extension 
Knee Flexion LDR 
Max Knee Flexion 
 
5.33 (4.1) 
20.2 (4.6) 
59.9 (5.9) 
 
2.9 (7.5) 
19.8 (7.6) 
61.1 (7.5) 
 
0.242† 
0.856† 
0.568† 
Pain 0.0 (0.0) 0.0 (0.3) 0.319* 
QoL (Functioning) 
Physical 
Emotional 
Social 
School 
Overall QoL 
 
100.0 (0.0) 
100.0 (7.5) 
100.0 (5.0) 
100.0 (0.0) 
100.0 (3.0) 
 
100.0 (7.8) 
100.0 (10.0) 
100.0 (7.5) 
100.0 (2.5) 
98.9 (9.0) 
 
0.022* 
0.740* 
0.659* 
0.453* 
0.410* 
 
†Values are mean (SD) and by independent t-test, *values are median (IQR) and by 
Mann Whitney- U test. Significant p values are indicated in boldface. 
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In the Table (7.6), it can be seen that the results for boys and girls are similar for all 
the outcomes. No significant difference was found between boys and girls in any 
variables measured except for extension ROM (p = 0.020), flexion ROM (p = 0.015) 
and physical functioning domain of QoL (p = 0.022).   
 
Therefore, separate ROM and physical functioning domain data may be required for 
healthy boys and girls.  
 
The following section presents the results of the influence of age on the 
measurement parameters in healthy children.                    
7.5.6 Effect of Age on Neuromuscular Performance, Functional 
ROM and QoL in Healthy Children 
The influence of age on neuromuscular, functional ROM and QoL indices in healthy 
children was investigated using independent t-tests and Mann Whitney-U tests. 
Regression analysis is commonly used for normally distributed data to determine the 
effect of one variable on another (Morgan et al 2004). However, since majority of the 
variables examined in the present study were not normally distributed Mann 
Whitney- U tests were used instead in to investiage the influence of age on 
neuromuscular performance, functional ROM and QoL. The results are shown in 
Table 7.7.  
 
From Table 7.7, the results of these outcome measures are similar between 
younger children (aged 8 – 12 years) and teenagers (aged 13 – 15) except for JK, 
extension ROM, pain and QoL measures (overall QoL, emotional, social and school 
functioning) (all p < 0.05).  In most cases, there was a tendency that teenage 
children scored lower than their younger counterparts in all the measurements 
parameters. Due to the small sample size in each gender cohort and to minimise 
type I error the effect of age across each gender could not be investigated further by 
means of inferential statistics. However, descriptive statistics were carried out to 
reflect the possible pattern of all the outcomes across the two gender cohorts in 
healthy children. These are displayed in Table 7.8.  
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Table 7.7: Mean (SD)/median (IQR) of measurements and p values of 
differences between healthy young children and teenagers  
 
Variables Young Children 
(n = 20) 
Teenagers 
(n = 17) 
p Values 
Proprioception (0)           
JK  
      JPS at 250  
      JPS at 100 
 
2.0 (1.0) 
4.3 (2.5) 
2.0 (3.8) 
 
1.0 (1.0) 
3.3 (2.7) 
1.0 (2.0) 
 
<0.001* 
0.138† 
0.361* 
Muscle Torque (Nm/kg) 
      Extension  
      Flexion 
 
1.4 (0.3) 
0.7 (0.2) 
 
1.8 (0.3) 
0.9 (0.2) 
 
0.906† 
0.623† 
 ROM(0)  
    Extension  
    Flexion 
 
-5.0 (1.8) 
 144.5 (3.8) 
 
-4.00 (1.0) 
140.8 (3.7) 
 
0.002* 
0.906† 
Sagittal Knee Motion (0) 
    Extension 
    Knee Flexion LDR 
    Max Knee Flexion 
 
5.1 (5.9) 
19.7 (6.9) 
61.5 (7.2) 
 
3.2 (6.9) 
20.4 (5.2) 
59.2 (5.8) 
 
0.218† 
0.856† 
0.568† 
Pain 0.0 (0.00) 0.00 (0.6) 0.004* 
QoL (Functioning) 
     Physical 
     Emotional 
     Social 
     School 
     Overall QoL 
 
100.0 (0.0) 
100.0 (7.5) 
100.0 (5.0) 
100.0 (0.0) 
100.0 (3.0) 
 
100.0 (7.8) 
 100.0 (10.0) 
100.0 (7.5) 
100.0 (2.5) 
98.9 (9.0) 
 
0.052* 
0.003* 
0.015* 
0.002* 
   0.013* 
†Values are in mean (SD) and by independent t-test, *values in median (IQR) and 
by Mann Whitney- U test. Significant p values are indicated in boldface. 
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Table 7.8: Mean (SD)/median (IQR) of measurements in healthy children by 
age and gender  
            †Values are in mean (SD), *values are median (IQR).  
 
 
 
 
 
 
 
 
 
 
Variables Young 
Boys 
(n = 10) 
Young 
Girls 
(n = 10) 
Teenage 
Boys 
(n = 10) 
Teenage 
Girls  
(n = 7) 
Proprioception (0)             
* JK   
       †JPS at 250  
      *JPS at 100 
 
2.0 (1.3) 
3.5 (1.4) 
1.5 (3.0) 
 
2.0 (1.3) 
5.1 (3.1) 
2.0 (5.3) 
 
1.0 (0.0) 
3.0 (2.6) 
1.0 (2.0) 
 
2.0 (1.0) 
3.7 (3.0) 
1.0 (5.0) 
 Muscle Torque (Nm/kg) 
      †Extension  
      †Flexion 
 
1.5 (0.3) 
0.8 (0.2) 
 
1.3 (0.3) 
0.69 (0.2) 
 
1.7 (0.4) 
0.8 (0.2) 
 
1.8 (0.1) 
0.9 (0.8) 
 ROM(0)  
     *Extension  
     †Flexion 
 
-4. 6 (1.0) 
142.9 (2.3) 
 
-5.0 (1.8) 
146.1 (4.3) 
 
-3.0 (1.00) 
139.7 (4. 5) 
 
-4.0 (3.0) 
142.3 (1.4) 
Sagittal Knee Motion (0) 
     †Extension 
     †Knee Flexion LDR 
     †Max Knee Flexion 
 
7.1 (2.9) 
20.7 (5.3) 
61.3 (6.1) 
 
 
3.0 (7.5) 
18. 8 (8.5) 
61.7 (8.4) 
 
 
3.5 (4.5) 
19.7 (4.1) 
58.4 (5.6) 
 
 
2.7 (8.1) 
21.3 (6.6) 
60.3 (6.4) 
 
*Pain 0.0 (0.0) 0.0 (0.0) 0.0 (0.2) 0.5 (0.7) 
*Overall QoL  100.0 (0.0) 100.0 (5.28) 97.3 (10.1)      94.6 (17.4) 
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7.5.7 Relationship between Knee JK and JPS in Healthy Children 
The relationship between knee JK and JPS in healthy children was investigated 
using correlation analyses. JK data was not normally distributed (Shapiro-Wilk test; 
p < 0.05) therefore, a non-parametric correlation (Spearman correlation) was 
chosen. Table 7.9 presents the correlation between the different proprioception 
tests. Correlation analyses revealed a low and statistically non-significant correlation 
between JK and JPS at 250 and between the JPS tests at both 250 and 100. 
Additionally, there was a low but significant correlation between JK and JPS at 100. 
These findings suggest that weak correlations exist between the three different 
measures of proprioception.  
 
Table 7.9: Spearman’s correlations between proprioception outcome 
measures (n = 37)  
Variable r Values p Values 
JK and JPS at 250 0.150 0.374 
JK and JPS at 100 0.385 0.019* 
JPS at 250 and 100 -0.116 0.495 
    r = Spearman correlation coefficient: *statistically significant at α<0.05. 
7.5.8 Results of Healthy and HMS Children Cohorts based on Age 
and Gender 
In the previous section, significant differences were demonstrated in the level of 
neuromuscular performance, functional ROM during walking and QoL between 
healthy children and children with HMS. Gender differences were also found in 
passive knee ROM and QoL (physical functioning domain) in healthy children (Table 
7.9). Therefore, the results of the current study were further broken down to reflect 
the possible gender-specific pattern in passive ROM and physical functioning 
domain of QoL between the two groups. Due to gender imbalance and a small 
number of boys with HMS in this study, the influence of gender on the outcomes 
could not be investigated using inferential statistical analysis. However, descriptive 
statistics were carried out to show the possible influence of gender on these 
outcomes (passive ROM and physical functioning domain of QoL) in HMS children. 
 
The summary of the descriptive analysis in healthy controls and HMS group based 
on gender are presented in Table 7.10. 
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Table 7.10: Summary of results of healthy children and children with HMS 
(based on age and gender).  
Variables Healthy 
Boys 
(n = 20) 
Boys with 
HMS 
(n =8) 
Healthy 
Girls  
(n = 17) 
Girls with 
HMS  
(n = 21) 
 ROM(0)  
 *Extension  
 *Flexion 
 
-4.0 (1.75) 
142.5 (6.0) 
 
-13.0 (4.5) 
156.0 (4.3) 
 
-5.0 (2.0) 
143.0 (5.5) 
 
-14.0 (3.0) 
155.0 (6.5) 
*QoL -Physical 
Functioning        
 
100.0 (0.0) 
 
 
78.1 (25.8) 
 
 
100.0 (7.8) 
 
 
  75.0 (29.6) 
*Values are median (IQR). 
 
Figures 7.14 – 7.16 illustrate the median and IQR or mean and SD values of all the 
measurement parameters in the HMS cohort. The healthy controls are shown for 
comparison. From these box plots, the red boxes represent the IQR with the black 
line representing the median values.  
 
 
Healthy boys HMS Boys Healthy girls HMS girls
Group by gender
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Figure 7.14: Box plots of extension ROM in healthy children (n = 37) and 
children with HMS (n = 29) based on gender 
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The box plots in Figures 7.14 and 7.14 illustrate the passive knee extension and 
flexion ROM respectively. It can be seen from the figures that the median values of 
both extension ROM was higher in girls with HMS than boys with HMS. Additionally, 
the data of knee extension ROM was widely distributed in girls with HMS than boys 
with HMS. However, a slightly higher median values and lesser variations of flexion 
ROM were found in boys with HMS than girls with this condition.  
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Figure 7.15: Box plots of flexion ROM in healthy children (n = 37) and children 
with HMS (n = 29) based on gender 
 
These findings indicate that in the HMS cohort, girls had higher knee extension than 
boys and knee flexion was greater in boys than girls.  
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Figure 7.16: Box plots of physical functioning domains of QoL in healthy 
children (n = 37) and children with HMS (n = 29) based on gender. 
 
From Figure 7.16, boys with HMS demonstrated higher median QoL scores in 
physical functioning domain of QoL than girls with this condition. There were larger 
amount of variations in the data of this domain for the girls than boys. These results 
indicate that in the HMS group, girls had poorer QoL (physical functioning) 
perception than boys.  
 
In summary, descriptive statistics revealed that in the HMS cohort, boys achieved 
higher flexion ROM and QoL (physical functioning) than girls. However, girls with 
HMS demonstrated higher knee extension ROM than the boys. These observations 
should be treated with caution as inferential statistical analysis was not carried out 
due to small number of boys with HMS.  
 
The following section presents the relationship between pain, neuromuscular 
impairments, functional ROM during walking and QoL in children with HMS. 
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7.5.9 Relationship between Beighton Scores and the Outcomes in 
the Present Work 
Beighton scores were identified in the literature as the most frequently used method 
of assessing GJL in children with HMS. The relationships between Beighton scores 
and the measurement parameters included in the present work were examined 
using Pearson correlations (for parametric data) and Spearman rho correlations (for 
non-parametric data). The summary of the correlation analyses are presented in 
Table 7.11. 
 
Table 7.11: Correlations between Beighton scores and outcome measures in 
children with HMS (n =29)  
Variable r Values p Values 
BS and Pain -0.096    0.621* 
BS and JK -0.090 0.641* 
BS and JPS at 250 -0.301 0.112* 
BS and JPS at 100 0.058 0.665† 
BS and  Extensor Muscle Torque -0.225 0.242* 
BS and  Flexor Muscle Torque -0.152 0.431* 
BS and Extension ROM -0.315 0.096† 
BS and Flexion ROM 0.076 0.696* 
BS and KEMS -0.102 0.599† 
BS and KFLR -0.014 0.468† 
BS and MKF -0.168 0.384† 
BS and QoL -0.026 0.895* 
BS = Beighton Score, KEMS = Knee Extension in Mid-Stance, KFLR = Knee Flexion 
Loading Response, MKF = Maximum Knee Flexion. † = Pearson correlation 
coefficient, * = Spearman correlation coefficient. 
 
No correlation was found between Beighton scores and any of the outcomes (r 
range = -0.225 to 0.337; all p>0.05) in children with HMS. The largest correlation 
coefficient was observed between Beighton scores and flexion ROM (r = -0.315; p = 
0.096) while the smallest coefficient was found between these scores and extension 
ROM (r = -0.014; p = 0.468). These results suggest a weak relationship between 
Beighton scores and any the variables measured in the present study. These 
findings imply that no statistically significant relationships exist between Beighton 
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scores and neuromuscular impairments, functional ROM and QoL indices in children 
with HMS. 
 
Some findings of assessment in children with HMS and the controls presented as 
conference papers are illustrated in Appendices 4.2 and 4.4 to 4.9. 
7.6 Overall Summary of Results 
This chapter has outlined the experimental design and recruitment of healthy 
children and those with HMS. It has also reported the level of neuromuscular 
impairments, functional ability and QoL in healthy children and those with HMS. The 
knee joint was found to be the most symptomatic (painful) joint in these children.  
 
Impaired knee proprioception (JK and JPS), lower muscle torque (knee extensors 
and flexors) and increased passive knee ROM were found in children with HMS. In 
addition, lower knee flexion and higher knee extension during walking were 
observed. Children with HMS experienced more pain and exhibited poorer QoL in 
comparison with the healthy controls. Correlation analyses demonstrated weak 
relationships between pain, neuromuscular impairments and functional ROM during 
walking in children with HMS. However, a strong correlation was found between 
pain and QoL in these children. The correlation between Beighton scores and all the 
variables included in the present work was weak.  
 
No gender difference was found in all the outcomes between healthy boys and girls 
except for knee ROM (extension and flexion) and QoL physical functioning. 
Investigation of the effect of age on all the outcomes in healthy children indicated 
that there was no age-related difference on the variables measured except for JK, 
extension ROM, pain and overall QoL and its domains (except for physical 
functioning). Correlation analyses revealed a poor relationship between knee JK and 
JPS tests in healthy children.  
 
The following chapter will discuss the results of neuromuscular impairments, activity 
limitations and participation restrictions in children with HMS. The level of 
neuromuscular performance, functional ability and participation in healthy children 
will also be examined. The strengths and implications of these findings in relation to 
assessing children with HMS are also examined. 
 
 257 
 
CHAPTER 8 : DISCUSSION  
8.1 Introduction 
The results for the assessment of neuromuscular performance, functional range of 
motion (ROM) and quality of life (QoL) in children with hypermobility syndrome 
(HMS) and healthy children have been presented in chapter 7. The findings were 
that children with HMS had a number of neuromuscular impairments (joint 
kinaesthesia (JK), joint position sense (JPS), reduced knee extensor and flexor 
muscle torque and increased pain perception), reduced knee flexion and increased 
knee extension in gait, and poorer QoL when compared to healthy children. To 
clearly address the aims (primary and secondary) of the current programme of work 
(see section 1.3), these findings will be discussed in this chapter under the following 
sub-headings:  
 
1. Comparisons of neuromuscular performance, functional ROM and QoL 
characteristics between healthy children and those with HMS. 
2. The relationships between pain and each of the following: other 
neuromuscular impairments (joint proprioception, muscle torque and passive 
ROM), functional ROM during level walking and QoL.  
3. The relationships between Beighton scores and all the features found in 
association with HMS in children. 
4. Neuromuscular performance, functional ROM during walking and QoL 
characteristics in healthy non-symptomatic children. 
5. Gender- and age-related differences in neuromuscular performance, 
functional ROM and QoL characteristics in healthy children. 
6. The relationship between JK and JPS tests in healthy children.  
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8.2 Comparisons of Neuromuscular, Functional ROM and 
QoL Characteristics between Healthy Children and Children 
with HMS 
The primary focus of this thesis was to identify the possible level of impairments, 
activity limitations and participation restrictions in children diagnosed with HMS. 
Data on these indices were therefore collected in healthy children and those with 
HMS to identify any deviation from normality in children with HMS. Comparisons of 
data between healthy children and HMS cohorts revealed significant differences in 
all the outcomes (all p<0.001) except for walking speed.  
 
Studies of neuromuscular impairments in children have been limited to pain (Hakim 
and Grahame 2004; Adib et al. 2005), muscle torque (Engelbert et al. 2003; 2004; 
2006) and motor development (Jaffe et al. 1988; Engelbert et al. 2005). Only 
epidemiological studies of pain in children with HMS have been reported (Biro et al. 
1983; El-Garf et al. 1998; Qvindesland and Jonsson 1999; Vougiouka et al. 2000). 
Apart from Sacheti et al. (1997) who reported pain intensity in children and adults 
with HMS, however, to date, pain intensity has not been well reported in children 
with this condition. The author of this thesis is also not aware of any studies that 
have investigated joint proprioception (JK and JPS), functional ROM or QoL in 
children with HMS. Therefore, the present investigation presents original findings on 
these variables. Due to lack of available published data on these symptoms in 
children with HMS, the findings of the present study are examined in relation to the 
existing literature in adults. Please note that the term ‘muscle torque’ is again used 
in place of muscle strength in this chapter. This section discusses the level of 
neuromuscular impairments, activity limitations and participation restrictions 
identified in children with HMS. 
8.2.1 Pain 
Pain is the most common neuromuscular complaint that has been assessed in 
children with HMS (Biro et al. 1983; El-Garf et al. 1998; Qvindesland and Jonsson 
1999; Vougiouka et al. 2000). Joint pain in adults with HMS has also been reported 
(Ferrell et al. 2004). The mean pain intensity of 51 patients (age range = 9 - 70 
years) with HMS and associated Ehlers-Danlos syndrome (EDS) was reported by 
Sacheti et al. (1997). In that study, pain intensity was found to be 5.3 on the McGill 
Pain Questionnaire (scale, 0-10). It is difficult to compare pain intensity reported by 
Sacheti et al. (1997) with that observed in the present study for two reasons. First, 
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they examined pain intensity using the McGill Pain Questionnaire while a coloured 
analogue scale was used in the current study. Secondly, subjects were made up of 
children and adults with HMS and associated EDS, a condition that is believed to 
predispose to musculoskeletal pain (El-Garf et al. 1998). In relation to patients with 
HMS, Sacheti et al. (1998) was the first to report pain intensity in patients with this 
condition (HMS). The present study examined pain intensity in children with HMS.  
 
The result of the current study on pain contrasts with the findings of Mikkelsson et 
al. (1996) who observed that children with generalised joint laxity (GJL) did not 
experience more pain than healthy controls (those without GJL). An unspecified 
questionnaire was used to assess pain in the study of Mikkelsson et al. (1996) while 
pain was evaluated with a coloured analogue scale (CAS) (previously validated by 
McGrath et al. 1996) in the present study. Furthermore they examined children with 
GJL and not those with HMS. As a result, their observation may not be applicable to 
children with HMS. 
 
The finding of the present study supports the notion that children with HMS 
experience knee pain more than their healthy counterparts (Everman and Robin 
1998; Cherpel and Marks 1999). The cause of knee joint pain in children with HMS 
is not known, although in some of the children with HMS in the present study it was 
reported to be activity-related. Hence, their pain could have been due to repetitive 
micro-trauma or wear and tear on the knee joint surface (Simpson 2006) resulting 
from physical activity (Everman and Robin 1998). In addition, knee joint instability 
resulting from ligamentous laxity (Maillard and Murray 2003) due to impaired 
collagen fibres (Bird 2005) may also lead to soft-tissue micro-trauma (Gedalia and 
Brewer 1993) in children with HMS. Impaired knee joint proprioception has been 
reported in patients with HMS (Hall et al. 1995) suggesting that sensory feedback 
from the affected joints of these patients may be diminished. This impairment may 
lead to biomechanically unsound limb positions being adopted by these children and 
may cause repetitive micro-trauma of their knee joint. Knee pain may also occur for 
other reasons, such as enhanced tissue sensitivity or recent sprains/strains of the 
soft tissues surrounding the joint (Adib et al. 2005; Simpson 2006). However, knee 
joint in the present study is unlikely to be due to sprains/strains as they were part of 
the exclusion criteria used in the present research.  
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In the present study pain intensity in children with HMS may not be accurate for the 
following reasons: 1) only a certain proportion of the children had pain during the 
assessment; 2) average pain was measured as a result it is possible that children 
might not remembered what their pain level was in the past week; 3) some of the 
children with HMS were undergoing treatment for pain during the time of testing. 
The present study is the first to report pain intensity in children with HMS and 
therefore the results can be used as a reference with which pain scores in future 
studies of HMS in children could be compared.  
 
The implication of this finding is that pain intensity assessment should be considered 
when assessing children with HMS and they may benefit from therapeutic 
intervention directed towards alleviating their pain. In addition, establishing pain 
intensity in these children will help clinicians to evaluate the effectiveness of pain 
management in HMS. It has been proposed that hydrotherapy, counselling (the child 
and the parent), hot and cold packs, transcutaneous electrical nerve stimulation 
(TENS), massage, and relaxation and distraction techniques may be beneficial in 
relieving pain in children with this condition (Maillard and Murray 2003). The present 
researcher is unaware of any study that has reported the effectiveness of any of 
these treatment methods for pain management in children with HMS. Therefore 
future studies may be directed towards developing a strategy for alleviating pain in 
children with this condition.  
8.2.2 Proprioception 
The present investigation is the first to examine knee joint proprioception in children 
with HMS. Since GJL is one of the features seen in HMS (Engelbert et al. 2003; 
2004; 2006) and impaired knee joint proprioception has been found in association 
with GJL (Barrack et al. 1983a; Rozzi et al. 1999), the observations in the current 
study were compared with findings in adults with GJL as well as those with HMS.  
 
Within the present study, knee proprioception (JK and JPS) values were observed to 
be significantly higher (both p < 0.001) in children with HMS compared with their 
healthy counterparts (i.e. children with HMS had diminished proprioceptive acuity). 
Impaired joint proprioception in women with HMS was first reported by Mallik et al. 
(1994). The knee joint, which is believed to be the joint most affected by the 
symptoms of HMS (Kerr et al. 2000; Vougiouka et al. 2000; Adib et al. 2005), was 
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not examined by Mallik et al. (1994). Therefore, their findings may not be directly 
applicable to the knee joint of children with HMS.  
 
The result of JK in this investigation agrees with the observation of Hall et al. (1995) 
who observed impaired knee JK in adults with HMS. These authors found that knee 
JK was significantly worse (p < 0.0001) in 10 women with HMS (mean age 30 years) 
than their age-matched healthy controls. Hall et al. tested knee JK with cutaneous 
sensation eliminated by means of an air splint. Due to the reasons earlier stated 
(section 5.2) an air splint was not used in the present study but JK was also found to 
be significantly worse in children with HMS compared with the controls. The study of 
Hall et al. has the advantage of being the first study to examine knee JK (the joint 
most affected by symptoms of HMS) in patients with HMS. However, the sample 
size in their study was small and only JK, one component of joint proprioception, 
was tested. Consequently, the results of Hall et al. (1995) cannot be generalised, as 
their sample may not be representative of patients with HMS. In addition, their 
findings on JK may not represent the overall proprioceptive ability as only one 
aspect was examined.  
 
Impaired knee joint proprioception has also been reported in GJL (Barrack et al. 
1983a; Rozzi et al. 1999) and ACL deficient knees (Corrigan et al. 1992; MacDonald 
et al. 1996; Borsa et al. 1997; Beynnon et al. 1999; Roberts et al. 2004). Although 
the above researchers demonstrated that knee joint proprioception was significantly 
poorer in individuals with joint laxity compared with healthy controls, differences in 
the participants’ characteristics and methods of testing limits the comparison 
between these studies and the current investigation.  
 
On the other hand, the present findings on JPS contrast with the results of active 
JPS reported by Stillman et al. (2002). They tested active knee JPS in 44 healthy 
subjects who had a history of regular sports spanning more than 5 years. These 
participants were classified into more mobile and less mobile groups based on their 
passive knee extension measurement using a video-based technique. They found 
that JPS error was statistically better in subjects with greater knee joint mobility than 
those with less mobility. Muscle receptors are believed to play an important role in 
joint proprioception (Skinner et al. 1986; Grigg 1994; Lattanzio et al. 1997). 
Proprioceptive contribution from muscles acting on the knee joint during active JPS 
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testing could therefore have influenced the findings of Stillman et al.. It is believed 
that joint proprioception may be enhanced by exercise training (Petrella et al. 1997; 
Ashton-Miller et al. 2001; Roberts et al. 2004). Stillman et al. did not state if 
participants with greater knee mobility engaged in sports more than those with less 
knee mobility. Therefore, it is unknown whether the level of physical activity 
participation of the subjects with greater knee mobility played a role in the lower JPS 
error recorded in those subjects as their knee JPS could have been improved by 
exercise.  
 
Active knee JPS testing, as performed by Stillman et al. (2002), has been reported 
to be more repeatable and accurate than passive JPS testing (Stillman et al. 2002), 
as used in the current study. Additionally, active JPS may reflect individuals’ 
functional status better than passive JPS tests as it involves both sensory skills and 
motor contribution from the muscles acting on the examined joint (Tsang and Hui-
Chan, 2003). Active JPS tests may not be appropriate in individuals with knee pain 
or pathological conditions where voluntary contractions of muscles acting on the 
examined joint are impaired. When testing these individuals, a passive JPS test may 
be required to minimise motor contribution to proprioception. Considering the 
characteristics of the participants in the present study, the passive JPS test was 
employed. 
 
The higher values of JK and JPS errors observed in children with HMS in the current 
study indicate impaired knee joint proprioception. The reasons for proprioception 
deficit in the current study are not known. Proprioception can be influenced by the 
progestogen dominated phase of the menstrual cycle (Aydog et al. 2005; Friden et 
al. 2006). For example, knee JPS deficits were observed in the menstrual phase 
(Aydog et al. 2005) and impaired knee JK was detected during the premenstrual 
phase (Friden et al. 2006) of the menstrual cycle in healthy women. In the present 
study, information regarding menstruation and age of menarche was not collated 
and as a result the researcher was unable to determine when measurements were 
taken in relation to the menstrual cycle. Group comparisons of JK and JPS data 
based on gender revealed that girls with HMS had significantly poorer (p < 0.05) 
knee joint proprioception compared with their healthy counterparts. Therefore, the 
author of this thesis cannot say for sure whether menstrual cycle had any effect on 
the findings on knee proprioceptive acuity in children with HMS or not. 
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Diminished muscle spindle activation has been proposed to be responsible for 
proprioception deficit (Hurley et al. 1997). Muscle spindle sensitivity is controlled by 
the γ-motoneurone system and diminished activation of this system  causes 
decreased muscle spindle sensitivity, resulting in proprioception impairment (Hurley 
et al. 1997). In the present study, passive JPS was administered, as this is thought 
to maximally stimulate joint mechanoreceptors while minimally stimulating muscle 
receptors (Barrack et al. 1989). To reduce proprioceptive input from the muscles 
acting on the examined joint during knee joint proprioception testing, an EMG was 
used by Beynnon et al. (1999) to monitor the activities of the muscles. Due to the 
reasons stated in section 5.2 of this thesis, EMG was not used in the present study. 
However, the test limb was placed in a padded limb support during proprioception 
testing, ensuring that the muscles acting on the test limb were relaxed as it is 
believed that muscular mechanoreceptors function mainly to signal active muscle 
tension during muscle contraction (Jami 1992; Wilson et al. 1999). It can, therefore, 
be assumed that proprioceptive contribution from muscle spindles and/or Golgi 
tendon organs located in the muscles acting on the knee joint was reduced during 
proprioception testing (in both healthy children and those with HMS). Hence, it is 
unlikely that the impaired knee joint proprioception observed in the present study 
was due to diminished muscle spindle sensitivity in children with HMS. 
 
Impaired joint proprioception in children with HMS may be due to diminished 
proprioceptive discharge from the joint receptors (Mallik et al. 1994). The 
mechanisms responsible for the impaired proprioceptive discharge in individuals 
with HMS are not understood. Hyperextension of the knee joint is prevented by the 
posterior portion of the joint capsule, and the posterior cruciate and collateral 
ligaments (Moore and Dalley 1999). Joint hyperextension is thought to be related to 
laxity of these structures (Hall et al. 1995). In the current study, passive knee 
extension was found to be statistically higher (Table 7.3) in children with HMS than 
the controls, indicating that they exhibited some degree of knee hyperextension. 
Therefore, the diminished proprioceptive discharge from articular mechanoreceptors 
may be related to damage to these mechanoreceptors or defect in the articular 
tissues resulting from excessive joint mobility and abnormal biomechanics of their 
knee joint (Mallik et al. 1994).  
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Moreover, impaired knee joint proprioception may be due to diminished joint 
proprioceptor activation caused by capsular or ligamentous stretching in the lax joint 
(Mallik et al. 1994). This may cause children with HMS being unaware of placing 
abnormal stress on their joints by moving them into positions outside their normal 
ROM (Mallik et al. 1994). It has also been suggested that repetitive stresses on 
joints may lead to ligamentous laxity causing damage to the joint receptors and 
further impairing proprioception at these joints (Mallik et al. 1994). Any or all of these 
hypotheses may be the case in children with HMS in this investigation. The likely 
mechanisms for proprioceptive deficit in individuals with HMS and GJL have been 
summarised in Figure 2.3 of this thesis.  
 
The current findings on JK and JPS acuity suggest that knee joint proprioception 
may be impaired in children with HMS. It has been suggested that disturbed knee 
proprioception can lead to biomechanically unsound limbs (Ludon 2000) and altered 
joint stability and control of joint motion (Barrack et al. 1983a). Impaired knee joint 
proprioception can also cause a deficit in motor control and functional performance 
(Marks 1997) such as walking (Barrett et al. 1991). The findings of the present 
investigation could imply that a loss of proprioceptive acuity may affect normal 
functional performance in children with HMS. Therefore, knee joint proprioception 
assessment should be included as part of clinical examination of children with this 
condition. Supportive splints (Birmingham et al. 2001; Herrington et al. 2005), elastic 
bandage (Barrett et al. 1991), joint taping (Perlau et al. 1995) and exercise training 
(Ferrell et al. 2004; Sekir and Gür 2005) have been shown to improve knee joint 
proprioception. Hence, appropriate intervention programmes aimed at improving 
joint proprioception should be developed by clinicians for children with HMS.  
8.2.3 Muscle Torque 
In the current investigation, knee muscle torque (of the extensors and flexors) was 
observed to be significantly lower (both p < 0.001) in the HMS cohort than their 
healthy counterparts. These findings agree with those of Sahin et al. (2007) who 
observed a significant deficit in knee extensor muscle torque in adults with HMS 
compared with healthy controls. On the other hand, Engelbert et al. (2003) found a 
higher but non-significant value of ‘total muscle torque’ (N) in 79 healthy children 
compared with 15 children with HMS. Engelbert et al. (2004) also reported higher 
values (but not statistically significant) of ‘total muscle torque’ in healthy children 
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than those with HMS. Total muscle torque was calculated as the summation of 
measurements of shoulder abductors, grip strength, and hip flexors. 
 
In these two studies (Engelbert et al. 2003; 2004), ‘total muscle torque’ of shoulder 
abductors, hip flexors, ankle dorsiflexors and grip strength was examined using a 
hand-held myometer. Moreover, Engelbert et al. (2003) reported muscle torque 
whereby the moment arm of joints measured was not taken into consideration. 
Muscle torque has been reported to be a function of the moment arm (Smidt and 
Rogers 1982; Keating and Matyas 1996) as the force applied to the myometer’s 
transducer may vary with the distance from the axis of the examined joint. 
Therefore, the farther from the joint axis the transducer is placed, the less the force 
registered by the transducer during maximum contraction (Keating and Matyas 
1996). The moment arm is defined as the product of muscle force and the 
perpendicular distance from the joint axis to the transducer (Keating and Matyas 
1996). This is an important consideration when comparing the results of Engelbert et 
al. (2003) to the present study.  
 
A reduced (but not statistically significant, p > 0.05) muscle torque was observed in 
children with HMS compared with the controls by Engelbert et al. (2006), when ‘total 
muscle torque’ (in Newtons) of shoulder abductors, hip flexors and grip strength in 
13 children with HMS was examined using a hand-held myometer. In that study, 8 
physiotherapists carried out muscle torque measurements in which both the intra- 
and inter-tester repeatability was acknowledged to be high. However, no reference 
was made to other factors that could influence muscle torque measurement such as 
verbal encouragement. It is therefore not clear whether this was consistent in their 
study or not. It has been shown that verbal encouragement significantly increased 
muscle torque (McNair et al. 1996). In addition, muscle torque measurement was 
performed three consecutive times by Engelbert et al. (2006) and highest value was 
recorded whereas measurement was carried out once in the present study. 
Therefore the lack of significant difference observed by Engelbert et al. (2006) may 
be due to these factors.  
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On the other hand, Engelbert et al. (2004) did consider the moment arm in their 
study and reported muscle torque in Newton meters. However, their values were not 
normalised to body mass, which has been reported to influence myometer 
measurements, with heavier subjects tending to produce higher values than lighter 
subjects (Hald and Bottjen 1987). In addition, Engelbert et al. (2003; 2004) 
examined ‘total muscle torque’ of upper and lower limbs, while knee muscle torque 
was examined in the present study. Although not all the participants in the present 
study presented with painful knee joints at the time of assessment, the joints 
examined by Engelbert et al. (2003; 2004) are not the most commonly affected by 
the symptoms of HMS and it is possible that these joints were not symptomatic. The 
sample sizes of the HMS groups used in these previous studies were small (n range 
= 13 – 19 participants), limiting the generalisability of their findings.  
 
The studies by Engelbert et al. (2003; 2004; 2006) were the first and only 
investigations found that have quantified muscle performance in children with HMS. 
The present study has some advantages in comparison with those investigations. 
First, using a fixed digital myometer for assessing knee joint torque in the current 
study ensured that each subject’s extremity was properly stabilised. The hand-held 
myometer used by Engelbert et al. (2003; 2004; 2006), may be difficult to stabilise 
against the subject’s extremity, thus predisposing it to measurement error. 
Bohannon and Andrews (1987) observed that stabilisation of the subject’s extremity 
was essential for obtaining repeatable measurements using a hand-held myometer. 
The between-days repeatability of the digital myometer used in the present study 
was found to be excellent (ICC range = 0.85 to 0.98) whereas in the studies by 
Engelbert et al. (2003; 2004; 2006) this was not reported. Although this does not 
negate the ability of their method to detect group difference it limits the 
generalisability of their findings. The strengths of the current investigation provide 
evidence in support of the validity of its findings. 
 
The reasons for the reduced muscle torque in children with HMS are not known. 
Lafortest et al. (1990) demonstrated that knee flexion and extension muscle torque 
for both young and old tennis players were greater than the values obtained for 
sedentary subjects who were matched for age, height and lean body mass, 
indicating that training has a significant role in muscle torque. Adib et al. (2005) also 
found that the majority of the children with HMS did not engage in routine exercise, 
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such as physical education at school. In addition, Engelbert et al. (2006) observed 
that participation in sports activities was significantly (p < 0.05) less in children with 
HMS than the controls. Therefore, it was thought that the level of physical activity in 
children with HMS could have been responsible for the current findings on muscle 
torque. However, this was unlikely in the present study because independent t-test 
analysis revealed no significant difference (p = 0.740) in the level of physical activity 
between healthy children and those with HMS.  
 
The lower values of muscle torque recorded by the HMS group may be due to 
incomplete voluntary activation of muscles acting on the painful knee joint (Hurley 
and Newman 1993; Hurley et al. 1994; Hurley et al. 1997). In the present study 
some of the children with HMS complained of knee pain during muscle torque 
measurements. This may have impaired maximum muscle contraction. This was a 
subjective observation that requires further investigation in children with this 
condition. Nonetheless, this study has provided evidence that knee muscle torque 
deficit may be found in children with HMS and implies that muscle torque 
assessment should be incorporated into clinical examination of children with HMS. 
Knee muscle strength has been shown to be a determinant of lower limb functional 
activities (Bearne et al. 2002; Liu-Ambrose et al. 2003) and impaired muscle 
function may not only result in muscle weakness but also cause a deficit in 
proprioceptive acuity (Hurley et al. 1998). In addition, it is believed that good 
quadriceps muscle performance is important for activities of daily living (ADL) such 
as standing up, sitting down, climbing and walking. Decreased quadriceps torque 
may therefore be associated with impaired functional activities (Stucki et al. 1998) 
and ADL performance (Hurley et al. 1998).  
 
Given the present findings on knee muscle torque, it may be worth assessing 
muscle performance during clinical examination of children with HMS. The findings 
also suggest that muscle strengthening programmes may be beneficial to children 
with HMS. The author of this thesis is not aware of any published data on muscle 
torque improvement in children with HMS however exercise programmes have been 
found to enhance muscle torque in healthy children and children with pathological 
conditions. Increased hamstring and quadriceps muscle torque has been found in 
healthy children (Ramsay 1990; Faigenbaum et al. 1993), children with cerebral 
palsy (Morton et al. 2005) and adults with HMS (Ferrell et al. 2004) following 
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strength training. Improved knee extensor muscle torque has also been 
demonstrated in children with burn injuries (Suman et al. 2001) and adults with 
rheumatoid arthritis (Bearne et al. 2002) after exercise programmes. Based on these 
observations on muscle torque in healthy children and those with pathological 
conditions, it would appear that muscle torque may be improved in children with 
HMS using strength training. Therefore, clinicians are to be aware of muscle torque 
deficits in children with HMS and should develop appropriate muscle strengthening 
programmes. 
8.2.4 Range of Motion (ROM) 
Passive knee extension and flexion ROM were significantly higher (both p < 0.001) 
in children with HMS than the controls. Apart from the study by Engelbert et al. 
(2004), no study was found reporting knee ROM in children with HMS. Engelbert et 
al. (2004) investigated active knee flexion and extension in 19 children (aged 11.6 + 
2.7 years) with HMS and 274 healthy controls (aged 12.8 + 3.3 years). They found 
that children with HMS had significantly reduced knee flexion ROM and higher knee 
extension ROM compared with healthy controls. The findings of Engelbert et al. 
(2004) could not be compared directly with the results of the present study due to 
methodological differences, as passive ROM was measured in the present study 
whereas Engelbert et al. (2004) examined active ROM.  
 
Active ROM examined by Engelbert et al. (2004) is more functional and clinically 
relevant than passive ROM as functional tasks are carried out using active 
movement. Passive ROM, however, as measured in the present study, has two 
advantages over active ROM. It could help to overcome limitation of knee ROM that 
may be due to pain (Norkin and White 2003). Passive ROM may also be more 
useful to determine the overall joint mobility in children who may be unwilling to 
perform active ROM (Norkin and White 2003). 
 
Engelbert et al. (2003) found that ‘total passive ROM’ (consisting of shoulder, elbow, 
wrist, hip, knee and ankle joints) was significantly higher in children with HMS (mean 
age + SD = 8.1 + 0.6 years) than healthy children (mean age + SD = 9.2 + 0.1). 
However, the present findings cannot be directly compared with that of Engelbert et 
al. (2003) because only passive ROM of the knee joint was measured in the present 
study. Since the knee is most frequently affected by the symptoms of HMS, the 
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findings of the present study provide original data with which future studies on knee 
ROM in children with HMS can be compared. 
 
It has been reported that healthy girls exhibit a greater ROM than boys (Jasson et 
al. 2004; Seckin et al. 2005; Bird 2007). The increased passive knee ROM observed 
in children with HMS could therefore be attributed to gender imbalance in the 
subjects recruited for the present study, as significant differences were observed 
(both p < 0.05) in passive knee extension and flexion ROM between healthy boys 
and girls (Table 7.6). However, this was unlikely because Mann-Whitney U test 
further indicated significant difference (p < 0.05) between healthy girls and girls with 
HMS. The possible explanation for the increased passive ROM in the HMS cohort is 
that ROM may be a function of ligamentous laxity of the knee joint that is probably 
inherited by these children (Grahame et al. 1999). In addition, the increased joint 
ROM in children with this condition may be the result of the observed muscle torque 
deficit (Table 7.3), as the amount of joint ROM is determined by the strength and 
flexibility of the surrounding soft tissues, including muscles (Everman and Robin 
1998). 
 
The present study suggests that ligamentous laxity may also play a role in increased 
knee ROM. Given the results of the current study and the functions of both the 
anterior and posterior cruciate ligaments (Moore and Dalley 1999), it would appear 
that both ligaments might also be responsible for the increased knee ROM observed 
in children with HMS. Further investigations are required to determine the exact 
ligaments of the knee that are affected by ligamentous laxity in children diagnosed 
with HMS. 
 
The present finding on knee extension ROM suggests that knee hyperextension 
seen in children with HMS may be partly due to ligamentous laxity (Hall et al. 1995) 
of the knee joint. Since knee ROM was significantly higher in children with HMS in 
this study, an objective quantification of joint ROM may be required as part of clinical 
examination of children with HMS. Solomonow et al. (1987) suggested that knee 
joint laxity decreases substantially when the stabilising muscles have higher 
baseline tone at rest. Knee joint stability is believed to be maintained by increased 
hamstring muscles activity (Barrata et al. 1988). These muscles pull back the 
anteriorly displaced tibia reducing knee joint laxity as the loading conditions change 
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during physical activity. Reduced knee ROM was reported in patients with HMS 
following a six week exercise programme (Barton and Bird 1996). Combining these 
theories (Solomonow et al. 1987; Barrata et al. 1988) and the findings of Barton and 
Bird (1996), it seems that stability-type exercise may help to reduce excessive joint 
ROM in children with HMS. Therefore, to improve the stability and protect the 
integrity of symptomatic joints in children with this condition, physiotherapy 
treatment intervention that includes stability-type exercise should be considered.  
8.2.5 Functional ROM 
Knee extension during walking was significantly higher (p < 0.001) in children with 
HMS than the controls. Additionally, knee flexion (during loading response and 
maximum flexion in swing phase) during walking was significantly (p < 0.001) lower 
in children with HMS than the controls. To date, functional ROM during walking has 
not been investigated in either children or adults with HMS. Hence, the findings of 
the current study on functional ROM could not be compared with any previous 
study. The reasons for the reduced knee flexion and increased knee extension 
during walking are unclear. Based on ICC and 95% limits of agreement, some of the 
functional ROM parameters were found to have low between-days repeatability in 
healthy children and those with HMS (Tables 6.2 and 6.3). However, t-tests 
demonstrated no significant differences (p range = 0.328 to 0.875) between 
repeated measurements (one week apart) of functional ROM parameters. In 
addition, it has been demonstrated that knee flexion angle at the end of 
loading/midstance increases with higher walking speed (Stansfield 2001), and 
diminished knee flexion during walking has been attributed to reduced walking 
speed (van der Linden et al. 2002). The process of measuring the walking speed 
was not described in the method section as this was not one of the primary or 
secondary aims of the study. However, since this was also recorded by the VICON 
camera system during walking the researcher felt that the possible effect of walking 
speed on functional ROM should be examined. Within the present study, there was 
no significant difference (p = 0.496) in walking speed between the controls and HMS 
group.  
 
A possible reason for these results of functional ROM may be that, on account of 
joint laxity, children with HMS could have increased knee varus/valgus compared 
with controls due to laxity of the knee joint. Increased varus/valgus movement may 
prevent normal sagittal motion of the knee joint during walking. This is just an 
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assumption, as varus/valgus motion was not calculated in the present study. 
However, it may serve as an area for future investigation. It has also been 
suggested that reduced knee flexion during walking may be due to muscle 
weakness (Perry 1992). Therefore, the increased knee extension and reduced knee 
flexion during walking may be the result of diminished knee muscle torque that was 
observed in children with HMS in the present study (Table 7.3). An alternative 
hypothesis for the current findings on functional ROM may be the result of impaired 
knee JPS, as it has been suggested that this causes people with HMS to move their 
joints to positions outside their normal ROM (Mallik et al. 1994). This could also 
have been the case in this study as children with HMS (Table 7.3) demonstrated 
significantly higher JPS errors at both target angles.  
 
The present investigation is the first to report functional ROM during walking in 
children with HMS, making it one of the strengths of this thesis. In addition, this 
study has provided reference values of knee kinematics data in these children with 
which future investigations can be compared. The current findings on functional 
ROM imply that children with HMS walked with a knee hyperextension gait pattern. 
Gait kinematics assessment in children diagnosed with HMS may be useful and they 
may benefit from programmes of gait re-education. 
8.2.6 Quality of Life (QoL)  
Poorer overall QoL (and each of its domains) were found in children with HMS 
compared to the controls (Table 7.3). Again, the researcher is not aware of any 
previous study on QoL in children with HMS. However, one study was found by the 
researcher investigating physical and psychosocial well-being of healthy school 
children with GJL (Ruperto et al. 2004). Since HMS is considered to be a 
rheumatological condition, the present findings on QoL are also discussed in relation 
to studies in children with rheumatological conditions (Varni et al. 2001) and adults 
with HMS (Ferrell et al. 2004).  
 
In Ruperto et al.’s study, it was found that both physical and psychosocial well-being 
were not limited in children with GJL compared with controls. Children with GJL 
were, however, found with more social limitation compared with controls. Due to the 
reasons already discussed in section 2.4 of this thesis, it is difficult to make detailed 
comparisons of the findings of Ruperto et al. with those of the present study on QoL 
as their findings may not be applicable to those with HMS.  
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The present findings agree with the observation of Varni et al. (2001) who found that 
children with rheumatic diseases had significantly poorer QoL than their healthy 
counterparts. Similarly, Gutiérrez-Suárez et al. (2007) found that children with 
Juvenile Idiopathic Arthritis (JIA) had poorer QoL compared with their healthy peers, 
particularly in the physical functioning domain. Ferrell et al. (2004) investigated QoL 
in adults with HMS and observed that Global SF-36 scores improved significantly in 
18 patients (mean age 27.3 + 10.4 years) following an exercise intervention. The 
study of Ferrell et al. (2004) has the advantage of being the first to report QoL in 
patients with HMS. There was no parallel control group however, and therefore no 
conclusion can be drawn regarding the level of QoL in their patients relative to a 
healthy population. In addition, a small sample of adults was examined in their 
study, meaning that their findings may not be directly applicable to children with 
HMS. The present study adds to the database on QoL of HMS in children. 
 
A high prevalence of anxiety disorders has been found in adults rheumatological 
patients with GJL (Bulbena et al. 1993). In addition, Martin-Santos et al. (1998) also 
observed an association between GJL and panic disorder in patients diagnosed with 
anxiety disorders (panic disorder and or agoraphobia). A significant correlation 
between GJL and anxiety disorders was found in adults receiving medical check-up 
(Bulbena et al. 2004).  
 
In the present study, children with HMS were found with poorer QoL in each domain 
than the controls suggesting that poorer level of QoL may be associated with HMS 
in children. The findings of the current study could not be examined in relation to 
these previous studies due to differences in the participants’ characteristics.  
 
Several hypotheses may explain the present findings of QoL. It has been suggested 
that anxiety in individuals with HMS may be due to pain and joint instability resulting 
from joint laxity (Russek 2000). Hence, poorer QoL found in children with this 
condition in the present study could be the result of these factors. The impaired QoL 
in physical functioning found in children with HMS may be due to pain, decreased 
muscle torque and impaired joint proprioception. In addition, GJL, increased ROM of 
the knee joint and abnormal gait patterns observed in children with this condition 
could have been responsible for the impaired QoL found in these children. The 
lower emotional and social functioning scores may also be related to pain intensity, 
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as some children with HMS reported anecdotally that they had to give up routine 
exercise, such as physical education and sporting activities because of pain. Again, 
this observation is mere speculation as it was not examined objectively in this study. 
  
Examination of the QoL data revealed that the HMS group had difficulty in writing 
compared with the controls. These children also reported absence from school more 
than the healthy group, which may be the result of pain. The lower school 
functioning observed in children with HMS may be due to these factors. Difficulty in 
writing may represent poor coordination of fine and gross motor development (Adib 
et al. 2005) in children with HMS. It must be noted that difficulty in writing and 
absence from school were not formally assessed in children with HMS in this study. 
Therefore, these observations also warrant further clarifications. 
 
The current concepts of symptoms of HMS in children are mostly based on 
neuromuscular impairments such as pain (Adib et al. 2005), muscle torque 
(Engelbert et al. 2003; 2004; 2006) and motor development (Engelbert et al. 2005) 
while QoL aspects have not been investigated. The observations in this study, 
suggest that children with this condition have poorer QoL perception than their 
healthy counterparts and therefore provide justification for its assessment in these 
children.  
 
It is believed that if a child with HMS has an understanding of the condition and is 
reassured that it is important to maintain as normal a life-style as possible 
(Middleditch 2003) he or she can cope well with the psychological issues (a 
component of QoL) associated with HMS.  Therefore, the author of this thesis hopes 
that the results of the present study will help clinicians to improve the level of QoL in 
children with HMS by providing appropriate treatment. Such treatment, as 
suggested by Murray and Woo (2001), may include psychological support and 
counselling. In addition, since physical activity (Murray and Woo 2001) and school 
absence (Adib et al. 2005) may be related to pain, appropriate treatment directed 
towards impairments and activity limitations may also help to improve QoL in 
children with HMS. Management strategies in relation to this are described by 
Middleditch (2003). The author of this thesis did not find any study conducted on 
QoL treatment in children with HMS, however, the strategies proposed by Murray 
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and Woo (2001) and Middleditch (2003) could serve as a useful guide for managing 
this feature in children with HMS.  
 
In summary, the evidence reported in this thesis has added to the current 
knowledge of clinicians, in particular physiotherapists, in terms of the clinical 
features associated with HMS in children. The thesis has demonstrated that children 
with HMS had neuromuscular impairments (proprioception and muscle torque 
deficits, increased pain and ROM). These children were also seen with activity 
limitations (abnormal gait patterns). Participation restrictions (poorer QoL 
perception) were also observed in children with HMS. It is anticipated that the 
findings reported in this thesis will help clinicians in the areas of assessment and 
management of children with this condition. 
8.3 Age of Onset of Symptoms and Most Symptomatic Joints 
The mean age of onset of symptoms reported in boys and girls with HMS was 6.2 + 
3.5 years and 8.0 + 2.7 years respectively. The finding that symptoms appeared 
earlier in boys than girls confirms the finding of Qvindesland and Jonsson (1999). In 
the present study, the overall mean age of onset of pain in children with HMS was 
7.5 + 3.0 years. This is higher than that reported by Adib et al. (2005) (6.2 years) in 
125 children with HMS. It is difficult to compare the findings of Adib et al. (2005) with 
the present study because of the different age characteristics of the participants in 
the two studies. The age of diagnosis of symptoms of HMS was not examined in the 
current investigation making it a limitation compared with the study of Adib et al. 
(2005) who reported that the mean age of diagnosis was 9.0 years. The age of 
onset observed in the current investigation is indicative of a possible delay of 1.5 
years between age of onset of symptoms and diagnosis of HMS. This observation 
therefore, suggests that children with HMS may not receive appropriate and timely 
intervention for their condition which could make their symptoms difficult to treat. 
 
Within the present study, the knees and ankles were observed to be the most 
frequently reported joints with adverse symptoms. These findings agree with the 
observations of Kerr et al. (2000) and Adib et al. (2005). Vougiouka et al. (2000) 
also reported that the knee was most affected by pain in children with HMS. This 
observation may be because, as these joints are involved in weight-bearing 
activities, they are prone to greater biomechanical stress than other joints (Kerr et al. 
2000).  
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Given that the present study suggests that there may be a delay in the diagnosis of 
HMS in children, it would appear that early identification of the symptoms of HMS 
would have major implications for subsequent prevalence of some medical disorders 
associated with HMS (low back pain, chronic pain syndromes and degenerative 
osteoarthritis) that may be seen in adulthood (Lewkonia and Ansell 1983; 
McCormack et al. 2003; Bird 2005). In addition, this will also help both the clinicians 
and children with this condition in terms of developing an effective management 
strategy for the identified symptoms. 
8.4 The Relationship between Pain, Neuromuscular 
Impairments, Activity Limitations and Participation 
Restrictions in Children with HMS 
One of the aims of this thesis was to determine the relationships between pain and 
each of the following: other neuromuscular impairments (proprioception, muscle 
torque, passive ROM); activity limitation (functional ROM during walking); and 
participation restrictions (overall QoL and its domains) in children diagnosed with 
HMS. No statistically significant correlation (r range = -0.479 to 0.271; p range = 
0.009 to 0.985) was found between pain and any of the following indices: 
proprioception, passive ROM, muscle torque, functional ROM and the QoL domains 
related to social and school functioning. However, a strong negative correlation was 
observed between knee pain and overall QoL and both physical and emotional 
functioning (r range = -0.614 to -0.717; all p < 0.001). To date, no investigation was 
found reporting the relationships between these indices in children with HMS. 
Because impairments contribute to activity limitations (Stucki and Ewert 2005; Harris 
et al. 2005), it was thought that there might be strong relationships between pain, 
muscle torque and functional ROM in children with HMS. However, no correlation 
was observed between these outcome measures, the reasons for which are not 
apparent. These findings confirm the results of Sahin et al. (2007) who found no 
relationship between pain intensity and peak muscle torque in adults with HMS. On 
the other hand, the significant negative correlation between pain and QoL is very 
interesting.  
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The reason for the negative strong correlation between pain and QoL is not known, 
although it has been suggested that QoL may be of greater importance to 
individuals with HMS than other variables measured (Ferrell et al. 2004). This may 
be the case in the present study. This hypothesis is supported by the observation of 
Ferrell et al. (2004) who found an improved QoL perception with reduced VAS 
scores following an exercise programme in adults with HMS. Within the present 
study, a strong negative correlation was observed between impairment and the 
physical functioning domain of QoL whereas no correlation was found between 
impairment and functional limitation in these children. The reason for this 
observation is not known, however, but may be because the functional limitation 
outcome measure (walking) used in the present study did not involve strenuous and 
vigorous activities that may result in increased pain perception in children with HMS 
(Grahame 2000; Adib et al. 2005; Simpson 2006).  
 
In the current study, the correlation between pain and the physical functioning 
domain of QoL was higher than the other domains (emotional, social and school 
functioning). Since QoL perception is a measure of well-being, the present results 
imply that impairments and function are only components of overall well-being in 
children with HMS. 
 
Although pain may contribute to activity limitations in children with HMS (Gurley-
Green 2001; Murray and Woo 2001, Middleditch 2003, Adib et al. 2005), in the 
present study, there was no direct relationship between the two outcomes. This 
suggests that pain may not be a good indicator of activity levels in children with this 
condition. In addition, pain assessment in these children may not reflect their overall 
neuromuscular impairments. However, it would appear that participation restrictions 
may be directly related to pain in children with HMS. Therefore, in order to identify 
the neuromuscular impairments and activity level in children diagnosed with HMS, 
clinicians are to be aware of these findings and to complement pain measure with 
other outcomes such as proprioception, muscle torque and gait pattern (functional 
ROM). 
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8.5 The Relationship between Beighton Scores, 
Neuromuscular Impairments, Activity Limitations and 
Participation Restrictions  
Beighton scores are mostly used for assessing GJL and HMS in children (Engelbert 
et al. 2003; Ruperto et al. 2004). No significant correlation (r range = -0.098 to 
0.337; p range = 0.074 to 0.895) was found between the Beighton scores and any of 
the outcome measures assessed as part of the current work (neuromuscular 
impairments, activity limitations and participation restrictions). The lack of 
relationship observed between pain and Beighton scores is consistent with the 
findings of Pountain (1992) and Qvindesland and Jonsson (1999). Milkkelson et al. 
(1996) found no association between Beighton scores and disability in children with 
symptomatic GJL (Spearman rank r = -0.05). They also reported no correlation 
between knee joint laxity and lower limb pain.  
  
It is believed that some children with GJL do not suffer joint pain (Beighton et al. 
1989; Grahame 1990; Grahame et al. 1999; Engelbert et al. 2006). The results of 
the present study suggest that the presence of neuromuscular impairments may not 
necessary be related to Beighton scores in children with HMS. In addition, Beighton 
scores do not reflect the extent of symptoms found in children with HMS. The 
observations in the present study therefore undermine the value and validity of using 
a high cut-off point of Beighton scores for assessing HMS in children, as some 
children with lower Beighton scores could present with important features 
associated with HMS (such as joint proprioception and muscle weakness) in their 
lax joints which may not be picked up during assessment. The findings in this study 
support the notion that the Beighton scores do not give any indication of the severity 
of the symptoms of HMS (Grahame 1999). Therefore, Beighton scores may not be 
appropriate for assessing children with HMS but may be a useful starting point for 
assessing GJL. The current findings therefore, suggest the use of a comprehensive 
assessment that is capable of identifying the symptoms associated with HMS.  
 
The findings of neuromuscular, functional ROM and QoL indices in healthy children 
are examined in the next section. 
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8.6 Neuromuscular, Functional ROM and QoL Characteristics 
in Healthy Children 
This thesis was also aimed at identifying the range of neuromuscular, functional 
ROM during walking and QoL characteristics in a group of healthy children as 
information regarding these indices is generally lacking. The normative database of 
these characteristics has allowed the researcher to identify deviation from normality 
in children with HMS by comparing their results with those of the healthy children. 
This section discusses the findings on these indices in healthy children.  
 
The majority of healthy children had zero pain ratings on the coloured analogue 
scale (CAS), indicating that they had no pain at the time of testing. This observation 
was expected. However, some healthy girls were found with knee pain during the 
assessment. Joint laxity may be an underlying risk factor for musculoskeletal pain 
(Grahame et al. 1999; Adib et al. 2005). Although GJL and the relationship between 
pain and ROM were not investigated in healthy children in the present study, 
however, pain experienced by some of the girls may be due to increased knee joint 
ROM as higher values of both passive extension were observed in girls than boys 
(Table 7.6). This relationship between pain and ROM in healthy children should be 
investigated in a future study to confirm such conjecture. 
 
QoL scores in healthy participants were high for each domain and for the overall 
score. The median values for overall QoL and each of the domains of QoL found in 
this study were higher than those reported by Varni et al. (2001 and 2004). In the 
study of Varni et al. (2001), 401 healthy children aged 5-18 years were examined. A 
research assistant administered the Paediatric Quality of Life Inventory (PedsQL) for 
children aged 5-7 years whereas older children (8-12 years) and adolescents (13-18 
years) were requested to complete the self-report PedsQL. In the current 
investigation, children aged 8-15 years were examined. While the researcher 
completed the self-report PedsQL for young children (8-12 years), the adolescents 
(13-15 years) completed PedsQL by themselves. The higher QoL values obtained in 
the present study could be because the researcher in the present study filled in the 
PedsQL for children aged 8-12 years whereas the children did so in the study by 
Varni et al. (2001). This could have influenced their responses. In addition, the 
researcher and children found it a bit difficult to interpret the wording of the 
questionnaire directly. This could also have influenced the children’s responses.  
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Knee joint proprioception was assessed in this study using joint kinaesthesia (JK) 
and JPS techniques with a purpose-built motorised device. Only the study of 
Barrack et al. (1983c) was found that investigated knee joint proprioception in 
children. They investigated JK and JPS in 12 healthy children (mean age = 14.8 
years). It is difficult to compare JK findings in the present study with that reported by 
Barrack et al. (1983c) due to differences in the methods. In addition, the median 
value of JK was reported in the present study due to the nature of the data whereas 
Barrack et al. (1983c) presented the mean value in their study. The study of Barrack 
et al. (1983c) was the first to report JK and JPS in children however their sample 
size was small (n = 12) and limits the generalisability of their findings. The strength 
of the present study is that it is the first study with a relatively large sample (n = 37) 
that has examined JK and JPS in children. These findings provide reference values 
for knee proprioception (JK and JPS) in healthy children that can be used for 
purposes of comparison to identify any deviation from normality in children with 
pathological conditions. 
 
Knee JPS was assessed in the present study at two different target angles (250 and 
100) with the knee joint passively moved at an angular velocity of 2.20/s. It is 
believed that these angles are within the working range of the knee during functional 
and weight-bearing activities (Barrett et al. 1991). A Wilcoxon signed rank test 
revealed that the AAE obtained in healthy children in the current study was 
statistically (p = 0.034) higher at 250 than 100 implying that JPS was more accurate 
at 100 than 250. The reason for this is not known, however, this may be related to 
the capsular ligament tightness at near end ROM as some children anecdotally 
reported a feeling of tightness at the knee joint during testing at the two target 
angles. In addition, they stated that tightness was more in the knee joint at test 
angle 100 than 250. This observation was not formally examined in the present 
study, therefore it is speculation. 
 
This observation supports the theory that joint mechanoreceptors are most sensitive 
at the terminal range of joint motion (Johansson et al. 1991; Lephart et al. 1992; 
Borsa et al. 1997). Lephart et al. (1992) suggested that joint angle has a significant 
effect on the magnitude and frequency of joint mechanoreceptor recruitment. They 
believed that higher tensile stress is placed on static restraints at end range of 
motion for knee extension than at mid-ranges of motion. This could have been the 
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case in the present study. The implication of this finding is that the knee operates 
close to terminal extension during daily activities, most of which are performed in a 
weight-bearing position. Therefore, it can be assumed that JPS acuity may be more 
important at this position. The evidence provided in this thesis suggests that knee 
JPS should be tested at different ROM angles as the result of JPS at one test angle 
cannot be used to determine the overall JPS accuracy in children. In addition, JPS 
tests at near terminal range of motion may be more valuable and clinically relevant. 
 
Knee extensor and flexor muscle torque was measured in the present study using a 
digital myometer. Muscle torque in children has been reported using different 
measurement units. For example, muscle torque in children was reported in 
Newtons (Backman et al. 1989), pounds (Seagraves and Horvat 1995) and 
kilogrammes (Stuberg and Metcalf 1988). The study of Merlini et al. (1995) who 
measured muscle torque in Newton meters has an advantage over the 
investigations of other researchers (Backman et al. 1989; Seagraves and Horvat 
1995; Stuberg and Metcalf 1988). The reason for this is already discussed in 8.2.3.  
Due to lack of standardisation of the measurement units used in previous studies 
(Stuberg and Metcalf 1988; Backman et al. 1989; Merlini et al. 1995; Seagraves and 
Horvat 1995), the mean values of muscle torque in the present study could not be 
compared with their results. A major strength of the present study is that it is the first 
study to report knee extensor and flexor muscle torque normalised to body mass in 
healthy children. 
 
Knee flexor muscle torque was found to be approximately half of the extensors in 
the healthy cohort. This finding is in agreement with the study of Merlini et al. (1995) 
who examined healthy children aged 6 to 8 years. This study provides an original 
database on knee extensor and flexor muscle torque in healthy children that can be 
used to identify potential deficits.  
 
Passive ROM of the knee joint was assessed in the current investigation. There is 
limited information on passive ROM of the knee joint in healthy children. Boone et al. 
(1979) examined active knee flexion and extension in 53 healthy boys aged 18 
months to 19 years. Although their study provided useful data on knee ROM in 
children, it is difficult to compare their findings with the results of the present study 
because the mean value of flexion ROM was reported in their study while the 
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median value was presented in the current investigation. Additionally, older boys 
and girls aged 8-15 years were investigated in the current research and passive 
ROM was assessed in the present study whilst active ROM was tested in that study. 
 
Functional ROM during walking was examined in the present study using the VICON 
camera system. Again, there is limited information on functional ROM in children. 
Since it is believed that gait maturation reaches its peak at the age of 8 years (Katoh 
1993), functional ROM values in the present study were also discussed in relation to 
previous studies in adults. The mean values of knee extension in mid-stance and 
maximum knee flexion observed in the current study agree with the findings of 
Ounpuu et al. (1991) who examined functional ROM of the knee joint during walking 
in 31 healthy children (mean age = 9.6 years). In comparison with previous studies 
in adults, the value (600) of maximum knee flexion during walking observed in the 
present study is similar to that (maximum knee flexion = 570) reported by Kadaba et 
al. (1990). The findings of the present investigation further suggest that maximum 
knee flexion in children 8 years and older approximates that of adults (Katoh 1993). 
The database of functional ROM during walking in healthy children provided in the 
present study may be suitable for identifying gait abnormalities in children with 
pathological gait. 
8.7 Effect of Gender and Age on Neuromuscular, Functional 
ROM and QoL Characteristics in Healthy Children  
The effect of gender and age on neuromuscular, functional ROM and QoL 
characteristics was investigated in healthy children. No gender difference was found 
between healthy boys and girls in all the indices measured, except for passive knee 
ROM and the physical functioning domain of QoL. Passive knee ROM was 
significantly (p range = 0.015 to 0.020) higher in healthy girls while physical 
functioning of QoL was significantly (p = 0.022) poorer in healthy girls than boys. In 
addition, no age-related difference was found in all the measurement parameters, 
with the exception of JK, extension ROM, pain and the overall QoL (and emotional, 
social and school functioning domains of QoL). This is the first study that has 
examined all of these characteristics in children. One of the aims of this thesis was 
to investigate age- and gender-related effects on neuromuscular, functional ROM 
and QoL characteristics in healthy children. Only the measurement variables that 
were statistically significant are discussed further in this section.  
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8.7.1 Effect of Gender 
Passive ROM (extension and flexion) of the knee joint and the physical functioning 
domain of QoL were statistically different (p range = 0.015 to 0.022) between boys 
and girls. The gender-related difference in passive knee ROM observed in the 
present study may be the result of deficient ligaments manifesting in joint laxity, 
which has been found to be more common in girls than boys at any age (Jansson et 
al. 2004; Gyldenkerne et al. 2007). Hormonal differences between boys and girls 
may be the reason for the increased ROM in girls than boys. There is evidence to 
suggest that estrogen and progesterone (female sex hormones) may contribute to 
increased joint laxity (Heitz et al. 1999). However, neither estrogen nor progesterone 
levels were examined in the present study. Therefore, the author of this thesis 
cannot say for sure whether these hormones were responsible for the increased 
knee ROM found in girls compared with boys. The reason for the significantly poorer 
physical functioning QoL in girls than boys in the current study is not known. 
However, it may be because girls and boys handle difficulties and problems 
differently as girls tend to direct coping patterns inwards and boys outwards 
(Bissegger et al. 2005). Another explanation could be that girls are more worried 
and concerned with their health than boys (Bissegger et al. 2005). 
8.7.2 Effect of Age 
Knee pain, JK, passive extension ROM and overall QoL (including emotional, social 
and school functioning domains) were significantly different between healthy young 
children and teenage children in the current investigation. Pain rating was 
significantly higher in teenagers than younger children. This finding agrees with the 
observation of Wedderkopp et al. (2005). They found that back pain reported by 
children increased significantly until the age of puberty. However, the observation in 
the present study that pain was significantly higher in the teenagers than younger 
children contrasts with the finding of McGrath et al. (1990) who reported that pain 
intensity decreased with age, when pain experienced within a period of one month 
was investigated in healthy children aged 5-17 years using pain diaries. The result 
of the present study also contrasts with the finding of McGrath et al. (1996). They 
examined pain intensity in children aged 5-17 years using both CAS and VAS and 
found an age-related decline in pain intensity on the two scales. The possibility that 
older children are generally more repeatable in applying a VAS to estimate their pain 
than younger children (Goodenough et al. 1997) could have accounted for the 
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higher pain intensity reported by teenage children (as the CAS used in the present 
study is a modification of the VAS). Therefore, lower pain values reported by 
younger children may be the result of low between-days repeatability due to random 
error in pain measurement in these children.   
 
In addition, average pain over a period of one week was examined in the current 
study. It is possible that memory for pain in younger children was not fully developed 
compared to their teenage counterparts. This could have led to underestimation of 
pain experience in the younger children. There is no direct evidence to support 
these claims however and they require further investigation.  
 
A significant association has been found between high growth spurts and 
development of musculoskeletal pain in adolescents (Feldman et al. 2001). 
Therefore, another possible explanation for the increased pain intensity in teenage 
children compared with younger children may be due to growth spurts that occur 
during adolescence and may predispose to mechanical micro-trauma (Wedderkopp 
et al. 2005).  
 
No previous studies were found reporting age differences in knee JK in children. 
Knee JK was found to be significantly better in teenagers than young children. 
Although the present results for JK confirm the findings of previous investigations on 
kinaesthesia in children (Bairstow and Laszlo 1981; Eliot et al. 1988; Hoare and 
Larkin 1991), it is difficult to make detailed comparison with these studies because 
of methodological differences. The author of this thesis also recognises that JK of 
different joints was examined in these studies, further limiting comparison. Given the 
results of the current study, it can be suggested that knee JK develops with 
increasing age in children. Additionally, since age-related changes were found in JK 
but not in JPS, these findings imply that different neuropathways/mechanisms may 
be responsible for JK and JPS in children. Furthermore, it may also be that the study 
was underpowered which could have led to statistical aberration. 
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Passive knee extension ROM was found to be significantly higher (p = 0.002) in 
children than in teenagers. It is believed that joint ROM is inversely related to age in 
children (Cheng et al. 1991; Flynn et al. 2000). Hence, the age difference in knee 
extension ROM may be attributed to ligamentous laxity in the young children 
because joint laxity decreases rapidly during late childhood or early adolescence 
(Everman and Robin 1998). In addition, age-related decline in joint ROM in children 
has been suggested to be due to progressive changes in collagen structure that 
result in stiffening of the connective tissue components of joints (Everman and 
Robin 1998). However, it is not known why an age-related difference was found in 
extension ROM and not in flexion ROM. Again, this may be that the investigation 
was underpowered and therefore the observation calls for further investigation with 
a larger sample size.  
 
Significantly poorer QoL was found in teenage children compared with their younger 
counterparts. This finding agrees with the observation of Bissegger et al. (2005) who 
reported that children had significantly better QoL than teenagers. Although the 
median values of QoL scores and pain were the same (section 7.5.4) for the young 
and teenage children, however, the poorer QoL in young children could be the result 
of pain scores observed in the teenage children as the IQR for pain score was 
higher in the young than teenage children. This assumption is supported by the 
observation of Sawyer et al. (2004). They demonstrated that children with higher 
levels of pain experienced more problems in terms of QoL. This finding may also be 
because healthy teenagers may be more self-conscious and concerned about their 
QoL as it relates to physical, emotion, social and school functioning. The present 
findings on QoL suggest that children with higher levels of pain experience more 
QoL problems. In addition, separate QoL data for young and teenage children may 
be required. 
 
In summary, the present results have demonstrated gender-related effects on 
passive knee ROM (flexion and extension) and the physical functioning domain of 
QoL. Given these findings, different data on these variables may be required for 
healthy boys and girls to be able to identify deviation from normality in patients with 
pathological conditions. In addition, this study has shown the effect of age on 
passive knee extension, pain, and overall QoL (including emotional, social and 
school functioning domains). These observations suggest that separate data on 
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these variables may be necessary for healthy young children and teenagers to 
enable clinicians to determine any alteration from normal values in children with 
pathological conditions. Clinicians are to be aware of these findings when making 
clinical judgments regarding these outcome measures. 
 
The following section examines the relationship between knee JK and JPS in 
healthy children. 
8.8 Relationship between Knee JK and JPS in Healthy 
Children 
The relationship between knee JK and JPS tests has been investigated through 
studies in healthy adults. The findings of the present study were that there was no 
correlation between knee JK and JPS at 250. However, a weak but significant 
correlation was found between knee JK and JPS at 100. In addition, a poor 
relationship was found between the JPS tests at 100 and 250.  
 
No study was found investigating this matter in children therefore the results of the 
current investigation were compared with those reported in adults. These findings 
confirm the observation of Grob et al. (2002) who observed no correlation between 
knee JK and JPS tests (r = 0.20) when they examined 30 healthy subjects (aged 24 
to 72 years) using a motorised device. Furthermore, the findings of the present 
study partly agree with the investigation by Skinner et al. (1984) who found a weak 
but significant relationship between knee JK and JPS (r = 0.293, p = 0.025) in 29 
healthy subjects (aged 22 to 82 years).  
 
However, the results of this study contrast with the findings of Skinner et al. (1986). 
They examined the relationship between knee JK and JPS tests before and after 
fatigue in 11 healthy male volunteers (aged 19 to 28 years) from the US Navy. A 
strong and statistically significant correlation (r = 0.759, p = 0.01) was observed 
between the two measures of proprioception before fatigue. However, a moderate 
non-significant correlation (r = 0.5, p = 0.118) was found between these measures 
after fatigue. Exercise training has been found to improve knee proprioception 
(Ferrell et al. 2004; Tsang and Hui-Chan 2004; Xu et al. 2004; Sekir and Gϋr 2005). 
Therefore, the level of physical activity of the participants in the study reported by 
Skinner et al. (1986) might have been responsible for their observation. Additionally, 
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the sample size in Skinner et al.’s study was small and hence their findings could 
have been due to type I error. 
 
The reason for the lack of correlation between JK and JPS in the present study is 
not apparent. It is believed that quick-adapting mechanoreceptors such as muscle 
spindle secondary endings, lamellated corpuscles and Pacinian corpuscles are 
sensitive to changes in stimulation and are responsible for JK (Lephart et al. 1992; 
Stillman 2002). JPS is thought to be mediated by slowly adapting mechanoreceptors 
mainly the primary spindle endings, tendon organs, Ruffini endings and Golgi 
tendon organs that are maximally stimulated at specific joint angles (Lephart et al. 
1992; Stillman 2002). Based on the above, it appears that different sensory 
receptors may be responsible for JK and JPS. It is believed that both JK and JPS in 
the lower limb ascends through the spinomedullary tract, which is in the 
posterolateral white matter that overlaps the dorsal spinocerebellar tract (Tortora 
and Grabowski 2003), however, due to the lack of correlation between these tests 
(JK and JPS) it seems that different central proprioceptive neuropathways may be 
responsible for them. Alternatively, it is possible that the interpretation of JK versus 
JPS in the brain is based on the different patterns and frequencies of impulses 
propagated by the same nerves. These hypotheses are mere speculations, as there 
is no evidence to support them and can serve as area of further investigation.  
 
These findings suggest that clinical judgement should not be based on independent 
tests of either JK or JPS as they may be assessing different components of 
proprioception which may be important. Therefore, they provide justification for 
continual use of both tests for knee proprioception assessment.  
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8.9 Overall Summary of Discussion  
This chapter has discussed the results of neuromuscular, functional ROM and QoL 
characteristics in children with HMS and healthy children. In the present 
investigation, the level of neuromuscular impairments, functional ROM and QoL in 
children with HMS have been identified and presented. While examining the 
relationship between pain, neuromuscular impairments, functional ROM and QoL 
characteristics in these children, it was found that a strong relationship existed 
between pain and the level of QoL in children with HMS. In the present study, no 
correlation was observed between pain and neuromuscular and functional ROM 
indices in children with HMS. In addition, no relationship was found between 
Beighton scores and neuromuscular, functional ROM and QoL indices in children 
with HMS.  
 
Gender- and age-related patterns of some of the indices (that were statistically 
significant) have been discussed in healthy children. Caution must be exercised in 
the interpretation of the current findings on gender- and age-related changes in 
healthy children due to the small sample size for this sub-group analysis. However, 
these observations suggest that separate data of ROM and physical functioning 
domain of QoL may be required for boys and girls for determining ROM limitation 
and the level of QoL (physical functioning) in children with pathological conditions in 
comparison with their healthy counterparts. In addition, these findings also imply that 
different clinical data on knee pain, JK, extension ROM and overall QoL (including 
emotional, social and school functioning domain) may be necessary for young and 
teenage children to identify those with pathological conditions. No correlation was 
found between proprioceptive outcome measures (JK and JPS) in healthy children 
suggesting that each proprioceptive technique may be measuring different 
components of joint proprioception that might be important and that the results of 
one test cannot be used to determine the overall joint proprioceptive ability in 
children. Hence, further use of both knee JK and JPS tests is encouraged. 
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In conclusion, it has been demonstrated in this thesis that children with HMS had 
neuromuscular impairments (JK, JPS and muscle torque), and reduced knee flexion 
and increased knee extension during walking. Additionally, these children had a 
poorer QoL and increased pain perception. These findings therefore imply that 
neuromuscular impairments, activity limitations and participation restrictions may be 
found in children with HMS. Many studies have focused on pain, while few 
investigations have been carried out to examine muscle torque in children with HMS 
and other symptoms have been neglected. This may affect the quality of treatment 
received by children with HMS as important factors may not be identified. The 
advantages of the present study are that it has identified a range of signs and 
symptoms associated with HMS in children. It has also determined the level of 
neuromuscular impairments, functional ROM and QoL characteristics in healthy 
children. Therefore, the findings of the present study provide original data with which 
future studies on these indices can be compared.  
 
The following chapter discusses the summary and recommendations of this study. 
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CHAPTER 9 : SUMMARY, RECOMMENDATIONS AND 
CONCLUSIONS  
9.1 Introduction 
The knowledge, identification and quantification of neuromuscular impairments, 
functional ROM and quality of life (QoL) measures in children with HMS have been 
limited by lack of published results. The use of the newly developed motorised 
device and a range of outcome measures in the present work has already been 
discussed (chapter 8). The advantages and the disadvantages of the outcome 
measures have also been examined. The present researcher has identified some 
specific impairments, activity limitations and participation restrictions in children with 
HMS that may prove important in informing the treatment of this condition. This 
chapter presents the summary of the findings, recommendations and conclusions 
drawn from the present investigation. 
9.2 Summary  
9.2.1 Findings of the Study 
The main aim of this thesis was to identify the neuromuscular performance, 
functional ability and QoL characteristics of children diagnosed with hypermobility 
syndrome (HMS). A summary of the findings related to the aims of the present study 
(see section 1.2) are presented in this section.  
9.2.2 Aims of the Study 
Primary Aims 
1. The neuromuscular performance, functional ROM and QoL characteristics 
were identified and quantified in 29 children with HMS by comparing them 
with 37 healthy non-symptomatic children. The findings showed that children 
with HMS had neuromuscular impairments, activity limitations and 
participation restrictions compared with their healthy counterparts. 
 
2. No relationship was found between the different neuromuscular impairments 
assessed (pain, JK, JPS, passive ROM and muscle torque) in children with 
HMS. Also, no correlation was observed between pain and activity limitations 
(functional ROM during walking) in these children. However, a strong 
negative relationship was established between pain and participation 
restrictions (QoL) in children with HMS. 
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Secondary Aims 
1. A new device for assessing knee joint proprioception was developed and 
validated. This device provided a quantitative measure of joint kinaesthesia 
(JK) and joint position sense (JPS) of the knee joint in healthy children and 
those with HMS. The criterion-related validity of lower leg displacement when 
placed in the purpose-built motorised device was excellent. This suggests 
that the purpose-built motorised device has the potential of providing 
quantifiable proprioceptive data in these children. The between-trials 
repeatability of the motorised device indicated that learning effects occurred 
in healthy subjects when used to assess knee JPS. As a result, this 
phenomenon was considered when designing a protocol for assessing knee 
JK and JPS in this research. 
 
2. The test-retest/intra-rater repeatability of a range of the outcome measures 
used for assessing the neuromuscular performance, functional ROM and 
QoL characteristics was investigated in healthy children and those 
diagnosed with HMS. Using ICC and 95% limits of agreement (LOA) it was 
found that the test-retest/intra-rater repeatability of all the measurement 
parameters in healthy children and those with HMS was excellent except for 
JPS and functional ROM assessments. The possible reasons for the low 
repeatability of these outcome measures were discussed in section 6.5. 
These outcome measures have the potential of being used for assessing 
and planning of therapeutic intervention in children with this condition. 
 
3. Healthy girls were found to have a statistically significant increased passive 
knee ROM (extension and flexion) and poorer QoL (physical functioning 
domain) than healthy boys. In addition, healthy teenage children exhibited 
statistically significant increased pain perception, reduced knee extension 
ROM, poorer knee joint proprioception (JK) and poorer overall QoL 
(including emotional, social and school functioning domains) than the healthy 
young children.  
 
4. No statistically significant correlation was found between JK and JPS in 
healthy children. 
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9.2.3 Summary of Clinical Implications 
Analysis of the literature (chapter 2) revealed that the majority of studies conducted 
on musculoskeletal complaints in children with HMS have focussed on pain (Adib et 
al. 2005), muscle torque (Engelbert et al. 2003; 2004; 2006) and motor development 
(Jaffe et al. 1988; Engelbert et al. 2005). No studies were found on joint 
proprioception, functional ROM during walking and QoL in children with HMS. It was 
therefore concluded that there was a lack of adequate knowledge of the possible 
features associated HMS in children. This thesis has identified a range of signs and 
symptoms in children with HMS.  
 
The present investigation demonstrated that there were a number of neuromuscular 
impairments (pain, JK, JPS and muscle torque) associated with HMS in children. In 
addition, passive joint ROM of the knee joint and knee extension during walking was 
observed to be higher in these children. They also had reduced knee flexion during 
walking and a poorer level of QoL. These findings therefore imply that HMS is a 
multifactorial disorder that is associated with a range of neuromuscular impairments, 
activity limitations and participation restrictions. These findings also highlight the 
limitation of the Beighton scores, the most commonly used method for defining HMS 
in children as they were only designed to identify pain and GJL. As the aim of 
physiotherapy treatment in these children and any other patients should be based 
on the clinical diagnosis and findings, accurate and comprehensive assessment is 
required.  
 
It is acknowledged that there may be other factors associated with HMS that have 
not been measured in the present study, however, in order for children with this 
condition to receive appropriate treatment for their condition, the identified 
symptoms (section 8.2) are to be examined. Reduced knee pain and ROM was 
reported in patients with HMS following a six week exercise programme (Barton and 
Bird 1996).  Ferrell et al. (2004) also found that knee joint pain, JK, muscle torque, 
balance and QoL improved with closed kinetic exercise in patients with HMS. In 
addition, Ferrell et al. (2007) observed an improvement in musculoskeletal reflex in 
patients with HMS following an 8-week close kinetic exercise programme. 
Therefore, children with HMS may benefit from physiotherapy treatment such as 
muscle strengthening and proprioception enhancement programmes. Children with 
this condition may also benefit from treatment directed towards pain management 
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and walking re-education. QoL management such as advice and counselling may 
also be of value to children with HMS (Murray and Woo 200; Middleditch 2003; 
Murray 2006; Bird 2007).  
 
Given the multifactorial nature of the symptoms associated with HMS and the 
evidence provided in support of their possible management, it seems likely that 
effective management of children with this condition would require a multidisciplinary 
approach.  
 
There was a lack of correlation between pain, other neuromuscular impairments and 
activity limitations in children with HMS. This could indicate that pain experienced by 
children with HMS in the present study may not necessarily be related to these 
outcomes (neuromuscular impairments and functional ROM) or vice versa in 
children with HMS. It can therefore be concluded that the level of pain experienced 
by children with HMS cannot be used to determine the overall level of impairments 
and activity limitation in children with HMS. However, given the findings of the 
present study on the range of signs and symptoms associated with HMS, 
neuromuscular impairments and activity limitations are separate outcomes, that may 
also be important during the assessment of children with this condition. On the other 
hand, the strong relationship observed between pain and participation restrictions 
(poorer QoL) could suggest that the poorer QoL in children with HMS may be due, in 
part, to pain experienced by the children. This therefore suggests that appropriate 
pain management in children with this condition is vital as this would not only help to 
reduce pain but improve the level of participation of children with HMS. Finally, given 
that this thesis is the first to investigate these range of symptoms in children with 
HMS, its findings can be used for comparison with future studies of HMS in children.  
 
Repeatability tests in healthy children (Table 6.2) and those with HMS (Table 6.3) 
revealed that all the outcome measures can be used with high between-days 
repeatability, except for the JPS and knee kinematics. Hence, such outcome 
measures could be used to identify the level of neuromusculoskeletal impairments 
and thereby influencing treatment plans for children with HMS. JPS and kinematics 
data in these children should be used with prudence. The learning effects found 
during JPS testing implies that adequate familiarisation with the JPS test procedure 
is required when using a purpose-built motorised apparatus. The findings in healthy 
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children revealed that different clinical data on passive ROM and the physical 
functioning domain of QoL may be necessary for boys and girls, rather than 
considering all data together. It also appears that different data for pain, passive 
knee extension, JK and overall QoL (including emotional, social and school 
functioning domains) may be required for young children and teenage children. 
 
Furthermore, the weak relationship found between knee JK and JPS tests in this 
study could mean that each test assesses different components of proprioception 
and does not represent the overall joint proprioceptive ability in individuals. It also 
implies that different sensory receptors and neuropathway/mechanisms may be 
responsible for JK and JPS. The poor relationship observed between the JPS tests 
at the two test angles (250 and 100) suggests that different structures may be 
responsible for JPS at these test angles. The implication of these findings is that 
caution must be taken in interpreting either the results of knee JK or JPS tests, as 
the findings of one proprioceptive test cannot be substituted for the other. In 
addition, JPS test assessment at different test angles may be required. Therefore, 
clinical judgement on the overall joint proprioceptive accuracy in individuals should 
not be based on, for example, examination of JPS at one target angle. Clinicians 
should be aware of these findings and should not make clinical judgements based 
on independent tests of either joint JK or JPS. These findings provide justification for 
continual use of both tests for knee proprioception assessment as they may be 
assessing two different proprioceptive systems, both of which might be important for 
normal function. 
9.3 Strengths and Limitations of the Outcome Measures 
In the present study, the outcome measures used in the present study were 
designed in response to the need for quantitative methods to identify and quantify 
neuromuscular impairments, functional ROM and QoL measure in children with 
HMS. Any assessment method has inherent strengths and limitations and these are 
examined in this section.  
 
A number of neuromuscular indices such as pain, JK, JPS, muscle torque and ROM 
were included in this assessment method. The method also consisted of 
comprehensive assessment of QoL in children that covered four domains (physical, 
emotional, social and school). The assessment method used in the present study 
included function and QoL measures. In terms of clinical implications this is a major 
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advantage as many diagnostic criteria (such as the Carter and Wilkinson criteria, 
Beighton score and Brighton criteria) currently being used in clinical practice are 
subjective and do not include any measure of function and QoL. The assessment 
methods used in the present study may be used for planning appropriate 
physiotherapy treatment.  
 
This thesis is the first that has examined a wide range of neuromuscular, functional 
ROM and QoL characteristics in children with HMS and their healthy counterparts. It 
involved 29 children with HMS aged 8 to 15 years. The sample size in the present 
study was appropriately powered on the basis of pilot work (section 5.10). This 
sample size is relatively larger than the studies of Engelbert et al. (2003; 2004; 
2006) who studied 15, 19 and 13 children with HMS respectively. Moreover, the 
sample size used in the current investigation is larger than previous investigations 
where knee JK was examined in 10 (Hall et al. 1995) and 18 (Ferrell et al. 2004) 
adults with HMS. This further provides evidence in support of the originality of the 
present study and making it another major strength of this thesis.  
 
One major disadvantage of the assessment methods used in the present work was 
the time required for children to complete the assessment tasks, (approximately 90 
minutes). Taking child protection law into consideration no child was seen without 
the parent or an accompanying adult present during the assessment. The 
assessment was time-consuming for all concerned, making it difficult to use 
routinely in clinical practice. In addition, the method included only one functional task 
(functional ROM during walking), and may not reflect the overall functional ability of 
children with HMS. The clinical study carried out in this thesis involved 37 healthy 
children (20 boys and 17 girls) and 29 children with HMS (8 boys and 21 girls). A 
sample with more boys with HMS would have been preferable, particularly for the 
purpose of generalisability and investigation of age- and gender-related effects on 
the findings in this study.   
 
The digital myometer and VICON system are expensive and may not be available 
for routine clinical use. Additionally, functional ROM data processing on the VICON 
was time-consuming. The QoL inventory questionnaire used in the present study 
had a 5-point Likert scale. On inspection of the raw data, it was observed that the 
HMS participants’ responses were mainly around the middle point (3). It is possible 
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that the participants’ responses were influenced by the number of points on the 
scale as they may not want to score high or low on the QoL questionnaire. This 
might not reflect the actual level of QoL in children with HMS. 
 
JK and JPS were tested using a purpose-built motorised device. This is another 
major advantage of the present research, as no other studies were found 
investigating these two measures of proprioception in a group of patients with HMS. 
This has the advantage of providing quantifiable data on different components of 
proprioceptive ability in children with HMS. This device has the potential to be used 
for assessing joint proprioception in patients with HMS who may have pain 
(Everman and Robin 1998; Adib et al. 2005; Ferrell et al. 2007; Sahin et al. 2007) 
and impaired muscle function (Middleditch 2003; Adib et al. 2005), as these may 
affect participants’ ability to generate muscle force required for active JPS test. The 
testing was non-invasive, easy to implement and not distressing to children or their 
parents. All these advantages combined to provide proprioceptive measures (JK 
and JPS) that are reflective of physiotherapy assessment and treatment in children 
with HMS. 
The purpose-built motorised device used for measuring knee JK and JPS in the 
current study had the following limitations: (i) The stepper motor of the device was 
noisy which could be a source of distraction to participants during testing; (ii) The 
device was big, cumbersome and required a large amount of space making it 
inappropriate for routine clinical use; (iii) The device had a maximum angular 
velocity of 2.20/s, therefore it was not possible for subjects’ limb to be moved at a 
faster angular velocity. In order for these limitations to be addressed, future research 
should be aimed at designing a portable and sound proofed motorised device for 
assessing knee JK and JPS. Additionally, future development of a purpose-built 
motorised device should take into account of a faster angular velocity than that 
which was used (2.20/s) in the present study. This will allow the participants’ limb to 
be passively moved at higher angular velocity which may reflect the way the knee 
joint moves during functional activities. Furthermore, such a device could be 
developed and made available commercially. 
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There was no blinding during data collection in the present study (healthy children 
and HMS) and this could have led to bias on the part of the researcher. The author 
of this thesis acknowledges the importance of blinding in a clinical study. However, 
due to the nature of the research, it was not possible for blinding to be carried out. 
For instance, the researcher needed to know which subject was being tested as the 
test knee was determined in randomised order in healthy children using computer 
randomisation, whereas the more painful knee was tested in children with HMS. If 
there was blinding, it could have been difficult for the researcher to implement alone 
without having to employ an assistant. Other limitations to the present study are 
presented below. 
 
• A cross-sectional design was used in the present study, which only allowed 
identification of the factors associated with HMS in children and the 
relationships between them. Therefore, no firm conclusions could be drawn 
on the cause and effect relations of the impairments, activity limitations and 
participation restrictions observed in children with this condition. 
 
• The relationship between pain, neuromuscular impairments, activity 
limitations and participation restrictions was investigated at one time, 
therefore, it does not provide information about which outcome might be 
more responsive to change in children with HMS. 
 
• Pain assessment was carried out only once in this thesis, therefore, pain 
intensity observed in these children may not be reflective of their pain 
experience as there could have been pain fluctuation in children with HMS. 
In addition, pain intensity in children with HMS may not be accurate as some 
of these children were undergoing treatment at the time of assessment.  
 
• Only the knee joint was examined in the present study therefore the findings 
may not be applicable to other joints. 
 
• The QoL questionnaire was completed by the researcher (for children aged 8 
-12 years) in the present study and the researcher found it difficult to 
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interpret the wording of the questionnaire directly. Therefore, the level of QoL 
reported by children (healthy and HMS) may not be accurate.  
 
• Generalised joint laxity was not examined in healthy children. Hence, the 
level of pain found in some healthy children could have been due to GJL.  
 
• The criterion-related validity of angular displacement of the proprioception 
device was not investigated, making it a limitation of the present study. 
Further research should therefore be carried out to investigate the criterion-
related validity of the angular displacement of the device. 
 
In conclusion there are strengths and limitations of the assessment method used in 
this thesis. It is evident that the major strengths of these quantitative outcome 
measures lie in their ability to measure a wide range of neuromuscular impairments, 
activity limitations and participation restrictions in children with HMS. This method 
could be used for clinical assessment of children with HMS. However, a major 
drawback of the assessment method was that it was time-consuming to administer. 
It is envisaged that the limitations discussed could be addressed in future studies of 
children with HMS.  
 
Although it was demonstrated that there were significant differences in all the 
outcomes included in the present study, however, it is likely that some of these 
outcomes might be more important than others. Therefore, to establish the signs 
and symptoms that might be important in children with HMS, the predictive validity of 
the features should be identified through a study investigating their responses to 
appropriate intervention.  
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9.4 Recommendations 
9.4.1 Purpose-Built Motorised Testing Device 
The following are recommendations for future studies on the purpose-built 
proprioception testing device: 
• To investigate the criterion-related validity of the angular displacement of the 
knee joint using the proprioception testing device in healthy children and 
those diagnosed with HMS. 
• To examine the test-retest repeatability of knee flexion-extension axis 
identification in healthy children and those with HMS. 
• To determine the inter-rater repeatability of the purpose-built testing device. 
• To develop a more sensitive method of measuring knee angular 
displacement (as opposed to the protractor) on the motorised device during 
JK and JPS assessment using the motorised device. 
• To develop a bigger and more comfortable lower limb support for the 
proprioception testing apparatus that can be used in children and adults. 
• To investigate the effect of duration of testing and cognitive distraction on 
joint proprioception testing in children. 
9.4.2 Assessment Method Used in the Present Study 
The following are suggested to improve the assessment methods used in the 
present study. 
• To include some more functional tasks that reflects the overall functional 
ability in children with HMS. 
• To determine the inter-rater repeatability of the methods in both healthy 
children and those with HMS. 
• To establish the responsiveness of the methods following a treatment 
intervention in children with HMS.  
9.4.3 Suggestions for Future Research using the Assessment 
Method 
Future research investigations are required to identify the signs and symptoms in 
younger and older children than those studied in the present research, using this 
assessment method. Although there were significant differences in each of the 
measures, the gender imbalance in the sample used could not permit the researcher 
to investigate in detail the influence of age and gender on the measurement 
variables, which may help to improve the knowledge of the underlying basis of the 
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symptoms associated with HMS in children. In view of the fact that the present study 
was limited to the knee joint, future studies are required to examine these features in 
relation to other symptomatic joints in children with HMS and to develop appropriate 
treatment interventions.  
 
Given the findings of the present research, neuromuscular impairments, functional 
ROM during walking and QoL assessment may be incorporated into routine clinical 
examination of children with HMS. It may be important for clinicians and researchers 
to be aware of the identified signs and symptoms in children with HMS. 
 
Due to the cross-sectional design used in the present study the cause and effect 
relations of the neuromuscular impairments, activity limitations and participation 
restrictions in children with HMS could not be ascertained, therefore, future studies 
with longitudinal designs are needed to be able to draw more firm conclusions. 
9.5 Overall Conclusions 
In comparison with healthy children, the following signs and symptoms were 
identified in children with HMS in the present study:  
• Increased pain perception 
• Impaired knee joint proprioception (JK and JPS)  
• Reduced knee extensor and flexor muscle torque  
• Increased passive knee joint ROM (extension and flexion)  
• Increased knee extension and reduced knee flexion during walking 
• Poorer QoL perception (including physical, emotional, social and school 
functioning domains) 
 
These findings therefore imply that HMS in children is a multi-faceted condition 
affecting neuromuscular impairments, activity limitations and participation 
restrictions. Therefore, intervention programmes for children with HMS should be 
both multidisciplinary and multi-dimensional, aiming to alleviate the neuromuscular 
impairments, improve activity levels and enhance the participation levels in children 
with this condition.  
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This thesis also found that the Beighton scores commonly used for assessing HMS 
can only be used to identify GJL and pain as they do not give indication of other 
important symptoms that may be found in HMS. Therefore, Beighton scores should 
be complimented with a more comprehensive assessment that has the potential of 
identifying the level of activity limitation and participation restriction in children with 
this condition. The lack of relationship between the two measures of joint 
proprioception supports their continued use as separate outcomes for measuring 
proprioceptive acuity. 
 
The evidence reported in this thesis has added distinctly to the current knowledge of 
clinicians in terms of neuromusculoskeletal impairments, functional ROM and QoL in 
children with HMS. Identifying these features could help to guide the appropriate 
treatment for children with this condition.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 301 
 
REFERENCES 
 
Adam, R. D. & Victor, M. 1993, "Principles of neurology," 5th edn, McGraw-Hill, New 
York, pp. 138-139. 
Adib, N., Davies, K., Grahame, R., Woo, P., & Murray, K. J. 2005, "Joint 
hypermobility syndrome in childhood. A not so benign multisystem disorder?" 
Rheumatology, vol. 44, no. 6, pp. 744-750. 
Al-Rawi, Z. & Nessan, A. H. 1997, "Joint hypermobility in patients with 
chondromalacia patellae", British Journal of Rheumatology, vol. 36, no. 12, pp. 
1324-1327. 
Al-Rawi, Z. S. & Al-Rawi, Z. T. 1982, "Joint hypermobility in women with genital 
prolapse", Lancet, vol. 26, no. 1, pp. 1439-1441. 
Al-Rawi, Z. S., Al-Aszawi, A. J., & Al-Chalabi, T. 1985, "Joint mobility among 
university students in Iraq”. British Journal of Rheumatology, vol. 24, no. 4, pp. 326-
31. 
Amundsen, L. R. 1990, Muscle strength testing: instrumented and non-instrumented 
systems, Amundsen, L.R. ed, Churchill Livingstone, New York. 
Ageberg, E., Flenhagen, J. & Ljung, J. 2007, “Test-retest reliability of knee 
kineasthesia in healthy adults”. BMC Musculoskeletal Disorders, vol. 8, no. 7, pp. 
57-63. 
Ageberg, E., Roberts, D., Holmstrom, E. & Friden, T. 2005, “Balance in single-limb 
stance in patients with anterior cruciate ligament injury”. American Journal of Sports 
Medicine, vol. 33, no. 10, pp. 1527-1535. 
Angepoulou, N., Tsimaras, V., Christoulas, K. & Mandroukas, K. 1999, 
“Measurement of range of motion in individuals with mental retardation and with or 
without down syndrome”, Perceptual and Motor Skills, vol. 89, pp. 550-556. 
April, K. T., Feldman, D. E., Platt, R. W., & Duffy, C. M. 2006, "Comparison between 
Children with Juvenile Idiopathic Arthritis (JIA) and their parents concerning 
perceived Quality of Life", Quality of Life Research, vol. 15, no. 4, pp. 655-661. 
Arroyo, I. L., Brewer, E. J., & Giannini, E. H. 1988, "Arthritis/Arthralgia and 
hypermobility of joints in schoolchildren", Journal of Rheumatology, vol. 15, no. 6, 
pp. 978-980. 
Ashton-Miller, J. A., MacGlashen, K. M., & Schultz, A. B. 1992, "Trunk positioning 
accuracy in children 7 - 18 years old", Journal of Orthopaedic Research, vol. 10, no. 
12, pp. 217-225. 
Ashton-Miller, J. A., Wojtys, E. M., Huston, L. J., & Fry-Welch, D. 2001, "Can 
proprioception really be improved by exercise?", Knee Surgery Sports Traumatology 
Arthroscopy, vol. 9, no. 3, pp. 128-136. 
 302 
 
Attfield, S. F., Wilton, T. J., Pratt, D. J., & Sambatakakis, A. 1996, "Soft-tissue 
balance and recovery of proprioception after total knee replacement", Journal of 
Bone and Joint Surgery, vol. 78B, no. 4, pp. 540-545. 
Aydog, S. T., Hascelik, Z., Demirel, H. A., Tetik, O., Aydog, E., & Doral, M. N. 2005, 
"The effects of menstrual cycle on the knee joint position sense: preliminary study", 
Knee Surgery Sports Traumatology and Arthroscopy, vol. 13, no. 8, pp. 649-653. 
Backman, E., Odernick, P., Henriksson, K. G., & Ledin, T. 1989, "Isometric muscle 
force and anthropometric values in normal children aged between 3.5 - 15 years", 
Scandinavian Journal of Rehabilitation Medicine, vol. 21, no. 2, pp. 105-114. 
Baildam, E. M., Holt, P. J. L., Conway, S. C., & Morton, M. J. S. 1995, "The 
association between physical function and psychological problems in children with 
juvenile chronic arthritis", British Journal of Rheumatology, vol. 34, no. 5, pp. 470-
477. 
Bairstow, P. J. & Laszlo, J. I. 1981, "Kinaesthetic sensitivity to passive movements 
and its relationship to motor development and motor control", Developmental 
Medicine and Child Neurology, vol. 23, no. 5, pp. 606-616. 
Baker, V., Bennell, K., Stillman, B., Cowan, S., & Crossley, K. 2002, "Abnormal knee 
joint position sense in individuals with patellofemoral pain syndrome", Journal of 
Orthopaedic Research, vol. 20, no. 2, pp. 208-214. 
Balogun, J. A. & Onigbinde, A. T. 1992, "Hand and leg dominance: Do they really 
affect limb muscle strength", Physiotherapy Theory and Practice, vol. 8, pp. 89-96. 
Barber-Westin, S. D., Noyes, F. R., & Galloway, M. 2006, "Jump-Land 
characteristics and muscle strength development in young athletes: a gender 
comparison of 1140 athletes 9 to 17 years of age", American Journal of Sports 
Medicine, vol. 34, no. 3, pp. 375 - 384. 
Barrack, R. L., Skinner, H. B., Brunet, M. E., & Cook, S. D. 1983a, "Joint laxity and 
proprioception in the knee.", Physician and Sportsmedicine, vol. 11, no. 6, pp. 130-
135. 
Barrack, R. L., Skinner, H. B., Cook, S. D., & Haddad, R. J. 1983b, "Effect of 
articular Disease and Total Arthroplasty on Knee Joint-Position Sense", Journal of 
Neurophysiology, vol. 50, no. 3, pp. 684-687. 
Barrack, R. L., Whitecloud, T. S., Burke, S. W., Cook, S. D., & Harding, A. F. 1983c, 
"Proprioception in idiopathic scoliosis", Spine, vol. 9, no. 7, pp. 681-685. 
Barrack, R. L., Skinner, H. B., & Buckley, S. L. 1989, "Proprioception in the anterior 
cruciate deficient knee", Physician and Sportsmedicine, vol. 11, no. 6, pp. 1-6. 
Barrack, R. L. & Skinner, H. B. 1990, "The sensory function of knee ligaments," in 
Knee ligaments: Structure, function, injury and repair, D. M. Daniel, W. H. Akeson, & 
J. J. O'Connor, eds., Raven Press, New York, pp. 95-114. 
 303 
 
Barrack, R. L. & Munn, B. G. 2000, "Effects of knee ligament injury and 
reconstruction on proprioception," in Proprioception and neuromuscular control in 
joint stability, S. Lephart & F. H. Fu, eds., Human Kinetic, Leeds, pp. 197-223. 
Barrett, D. S., Cobb, A. G., & Bentley, G. 1991, "Joint position in the normal, 
osteoarthritic and replaced knee", Journal of Bone and Joint Surgery, vol. 73B, no. 
1, pp. 247-250. 
Barton, L. M. & Bird, H. A. 1996, "Improving pain by the stabilisation of hyperlax 
joints", Journal of Orthopaedic Rheumatology, vol. 9, no. 1, pp. 46-51. 
Basmajian, J. V. & DeLuca, C. J. 1985, Muscles alive: Their functions Revealed by 
Electromyography Williams and Wilkins, Baltimore. 
Bassetti, C., Bogousslavsky, J., & Regli, F. 1993, "Sensory syndromes in parietal 
stroke", Neurology, vol. 43, no. 10, pp. 1942-1949. 
Batterham, A. M. & George, K. P. 2000, "Reliability in evidence-based clinical health 
professionals", Physical Therapy in Sport, vol. 1, pp. 54-61. 
Bäckman, E., Odernick, P., Henriksson, K. G., & Ledin, T. 1989, "Isometric muscle 
force and anthropometric values in normal children aged between 3.5 and 16 
years." Scandinavian Journal of Rehabilitation Medicine, vol. 21, no. 2, pp. 105-114. 
Beard, D. J., Dodd, C. A. F., & Simpson, H. A. 2000, "Sensorimotor changes after 
anterior cruciate ligament reconstruction", Clinical Orthopaedics and Related 
Research, vol. 372, pp. 205-216. 
Bearne, L. M., Scott, D. L., & Hurley, M. V. 2002, "Exercise can reverse quadriceps 
sensorimotor dysfunction that is associated with rheumatoid arthritis without 
exacerbating disease activity", Rheumatology, vol. 41, no. 2, pp. 157-166. 
Beck, R. J., Andraicchi, T. P., Kuo, K. N., Fermier, R. W., & Galante, J. O. 1981, 
“Changes in the gait patterns of growing children”, Journal of Bone and Joint 
Surgery, vol. 63A, no.9, pp. 1452-1456. 
 
Beighton, P., Solomon, L., & Soskolne, C. L. 1973, "Articular mobility in African 
population", Annals of the Rheumatic Diseases, vol. 32, no. 5, pp. 413-418. 
Beighton, P. H., Graham, R., & Bird, H. 1989, Hypermobility of Joints, 2nd edn, New 
York, NY: Springer - Verlag. 
Bell, M., Bombardier, C., & Tugwell, P. 1990, "Measurement of functional status, 
quality of life, and utility in rheumatoid arthritis", Arthritis and Rheumatism, vol. 33, 
no. 4, pp. 591-601. 
Bennell, K., Hinman, R. S., Metcalf, B. R., Crossley, K. M., Buchbinder, M., Smith, 
M., & McColl, G. 2003, "Relationship of knee joint proprioception to pain and 
disability in individuals with knee osteoarthritis", Journal of Orthopaedic Research, 
vol. 21, no. 5, pp. 792-797. 
 304 
 
Bennell, K., Wee, E., Crossley, K., Stillman, B., & Hodges, P. 2005, "Effects of 
experimentally-induced anterior knee pain on knee joint position sense in healthy 
individuals", Journal of Orthopaedic Research, vol. 23, no. 1, pp. 46-53. 
Bergenheim, M., Johansson, H., Pedersen, J., & Sjölander, P. 1996, "Ensemble 
coding of muscle stretches in afferent populations containing different types of 
muscle afferents", Brain Research, vol. 734, no. 1, pp. 157-166. 
Bergner, M. B. 1991, "Quality of life, health status, and clinical research", Medical 
care, vol. 27, pp. S148-S156. 
Berger, R. A., Rubash, H. E., Seel, M. J. Thompson, W. H., & Crossett, L. S. 1993, 
“Determining the rotational alignment of the femoral component in total kee 
arthroplasty using the epicondylar axis”, Clinical Orthopaedics and Related 
Research, vol. 286, pp. 40-47. 
Besier, T. F., Lloyd, D. G., Cochrane, J. L., & Ackland, T. R. 2001, "External loading 
of the knee joint during running and cutting manoeuvres", Medicine and Science in 
Sports and Exercise, vol. 33, no. 7, pp. 1168-1175. 
Bevans, J. S. 1993, "Repeatability study using the electrogoniometer", Journal of 
British Podiatry Medicine, vol. 48, no. 9, pp. 137-141. 
Beynnon, B. D., Ryder, S. H., Konradsen, L., Johnson, R. J., Johnson, K., & 
Renstrom, P. A. 1999, "The effect of anterior  cruciate ligament trauma and bracing 
on knee proprioception", American Journal of Sports Medicine, vol. 27, no. 2, pp. 
150-155. 
Beynnon, B. D., Renstrom, P. A., Konradsen, L., Elmqvist, L., Gottlieb, D., & Dirks, 
M. 2000, "Validation of techniques to measure knee proprioception," in 
Proprioception and neuromuscular control in joint stability, S. M. Lephart & F. H. Fu, 
eds., Human Kinetics, Leeds, pp. 127-137. 
Biggs, J., Horch, K., & Clark, F. J. 1999, "Extrinsic muscles of the hand signal 
fingertip location more precisely than they signal the angles of individual fingers 
joints", Experimental Brain Research, vol. 125, no. 3, pp. 221-230. 
Bird, H. 2005, "Joint hypermobility in children", Rheumatology, vol. 44, no. 6, pp. 
703-704. 
Bird, H. A. 1992, "Joint hypermobility. Reports from Special Groups of Annual 
General Meeting of the British Society of for Rheumatology", British Journal of 
Rheumatology, vol. 31, no. 3, pp. 205-208. 
Bird, H. A. 2004, "Rheumatological aspects of dance", Journal of Rheumatology, 
vol. 31, no. 1, pp. 12-14. 
Bird, H. A., Tribe, C. R., & Bacon, P. 1978, "Joint hypermobility leading to 
osteoarthrosis and chondrocalcinosis", Annals of Rheumatic Diseases, vol. 37, no, 
3. pp. 203-211. 
Bird, H. A., Brodie, D. A., & Wright, V. 1979, "Quantification of joint laxity", 
Rheumatology and Rehabilitation, vol. 18, pp. 161-166. 
 305 
 
Bird, H. A. Heritable Collagen Disorders.  2005. Chesterfield, Arthritis Research 
Campaign.  
 
Bird, H. A. 2007, "Joint hypermobility", Musculoskeletal Care, vol. 5, no. 1, pp. 4-19. 
Birmingham, T. B., Kramer, J. F., Inglis, J. T., Mooney, C. A., Murray, L. J., Fowler, 
P. J., & Kirley, S. 1998, "The effect of neoprene sleeve on knee joint position sense 
during sitting open kinetic chain and supine closed chain tests", American Journal of 
Sports Medicine, vol. 26, no. 4, pp. 562-566. 
Birmingham, T. B., Inglis, J. T., Kramer, J. F., & Vandervoort, A. A. 2000, "Effect of a 
neoprene sleeve on knee joint: influence of different testing procedures", Medicine 
and Science in Sports and Exercise, vol. 32, no. 2, pp. 304-308. 
Birmingham, T. B., Kramer, J. F., Kirkley, A., Inglis, J. T., Spaulding, S. J., & 
Vandervoort, A. A. 2001, "Knee brace for medial compartment osteoarthritis: Effect 
of proprioception and postural control", Rheumatology, vol. 40, no. 3, pp. 285-289. 
Biro, F., Gewanter, H. L., & Baum, J. 1983, "The hypermobility syndrome", 
Pediatrics, vol. 72, pp. 701-706. 
Bisegger, C., Cloetta, B., Von Bisegger, U., Abel, T., Ravens-Sieberer, U. & 
European Kidsreen group. 2005, “Health-related quality of life: gender differences in 
childhood and adolescence” International Journal of Public Health, vol. 50, no. 5, pp. 
281-291 
 
Bland, J. M. & Altman, D. G. 1996a, "Measurement error and correlation 
coefficients", British Medical Journal, vol. 313, pp. 41-42. 
Bland, J. M. & Altman, D. G. 1996b, "Logarithms", British Medical Journal, vol. 312, 
p. 700. 
Bland, M. & Altman, D. G. 1986, "Statistical methods for assessing agreement 
between two methods of clinical measurement", Lancet, vol. 1, pp. 307-310. 
Blasier, R. B., Carpenter, J. E., & Huston, L. J. 1994, "Shoulder proprioception: 
Effect of laxity", Orthopaedic Review, vol. 23, no. 1, pp. 45-50. 
Bohannon, R. W. & Andrews, A. W. 1987, "Inter-rater reliability of hand-held 
dynamometer", Physical Therapy, vol. 67, no. 6, pp. 931-933. 
Bohannon, R. W. 1987, "The clinical measurement of strength", Clinical 
Rehabilitation, vol. 1, pp. 5-16. 
Bohannon, R. W. & Andrews, A. W. 1989, "Accuracy of  spring and strain  gauge 
hand-held dynamometer", Journal of Orthopaedic and Sports Physical Therapy, vol. 
10, pp. 323-325. 
Bohannon, R. W. 2002, "Quantitative Testing of Muscle Strength: Issues and 
Practical Options for the Geriatric Population", Topics in Geriatric Rehabilitation, vol. 
18, no. 2, pp. 1-17. 
 306 
 
Boone, D. C. & Azen, S. P. 1979, "Normal range of motion of joints in male 
subjects", Journal of Bone and Joint Surgery, vol. 61A, no. 5, pp. 756-759. 
Borsa, P. A., Lephart, S. M., Kocher, M. S., & Lephart, S. P. 1994, "Functional 
assessment and rehabilitation of shoulder proprioception for glenohumeral 
instability", Journal of Sports Rehabilitation, vol. 3, no. 1, pp. 84-104. 
Borsa, P. A., Lephart, S. M., Irrgang, J. J., Safran, M. R., & Fu, F. H. 1997, "The 
effects of joint position and direction of joint  motion on proprioceptive sensibility in 
anterior cruciate ligament deficient athletes", American Journal of Sports Medicine, 
vol. 25, no. 3, pp. 336-340. 
Bower, E. & Ashburn, A. 1998, Principle of physiotherapy assessment and outcome 
measures, Mosby, London. 
Boyle, K. L., With, P., & Riegger-Krugh, C. 2003, "Intrarater and interrater reliability 
of the Beighton and Horan joint mobility index", Journal of Athletic Training, vol. 38, 
no. 4, pp. 281-285. 
Brand, R. A. & Crowninshield, R. D. 1981, "Comment on criteria for patient 
evaluation tools", Journal of Biomechanics, vol. 14, p. 655. 
Bridges, A. J., Smith, E., & Reid, J. 1992, "Joint hypermobility in adults referred to 
rheumatology clinics", Annals of Rheumatic Diseases, vol. 51, no. 16, pp. 793-796. 
Bruil, J. 1999, Development of a quality of life instrument for children with chronic 
illness, University of Leiden, Leiden. 
Budd, K. 1996, “Chronic pain and its management”, Therapy Express, Vol. 106, pp. 
4 – 8. 
Bulbena, A., Duro, J. C., Porta, M., & Vallejo, J. 1988, "Joint hypermobility syndrome 
and anxiety disorders", Lancet, vol. 17, no. 2, p. 294. 
Bulbena, A., Duro, J. C., Porta, M., Faus, S., Vallescar, R., & Martin-Santos, R. 
1992, "Clinical assessment of hypermobility of joints: assembly criteria", Journal of 
Rheumatology, vol. 19, pp. 115-122. 
Bulbena, A., Duro, J. C., Porta, M., Martin-Santos, R., Mateo, A., Molina, L., 
Vallescar, R., & Vallejo, J. 1993, "Anxiety disorders in the joint hypermobility 
syndrome", Psychiatry Research, vol. 46, no. 1, pp. 59-68. 
Bulbena, A., Agulló, A., Pailhez, G., Martín-Santos, R., Porta, M., Guttart, J., & 
Gago, J. 2004, "Is joint hypermobility related to anxiety in a nonclinical population 
also?", Psychosomatics, vol. 45, no. 5, pp. 432-437. 
Bullock-Saxton, J. E., Wong, W. J., & Hogan, N. 2001, "The influence of age on 
weight-bearing joint reposition sense of the knee", Experimental Brain Research, 
vol. 136, no. 3, pp. 400-406. 
Burke, D., Gandevia, S. C., & Macefield, V. G. 1988, "Responses of passive 
movement of receptors in joint, skin and muscle of human hand", Journal of 
Physiology, vol. 402, no. 1, pp. 347-361. 
 307 
 
Burke, D. & Gandevia, S. C. 1993, "Muscle spindles, muscle tone and the fusiform 
system," in Science and practice in clinical neurology, S. C. Gandevia & D. Burke, 
eds., University Press, Cambridge, pp. 89-105. 
Callaghan, M. J., Selfe, J., Bagley, P. J., & Oldman, J. A. 2002, "The effect of 
patellar taping on knee  joint  proprioception", Journal of Athletic Training, vol. 37, 
no. 1, pp. 19-24. 
Carey, L. M., Oke, L. E., & Matyas, T. A. 1996, "Impaired limb position sense after 
stroke: A quantitative test for clinical use", Archives of Physical Medicine and 
Rehabilitation, vol. 77, no. 12, pp. 1271-1278. 
Carter, C. & Wilkinson, J. 1964, "Persistent joint laxity and congenital dislocation of 
the hip", Journal of Bone and Joint Surgery, vol. 46B, pp. 40-45. 
Chambers, C. T., Reid, G. J., MacGrath, P. J., & Finley, G. A. 1996, "Development 
and preliminary validation of a postoperative pain measure for parents", Pain, vol. 
68, no. 2, pp. 307-313. 
Chambers, C. T., Finley, G. A., McGrath, P. A., & Walsh, T. M. 2003, "The parents' 
postoperative pain measure: replication and extension to 2-6 year-old children", 
Pain, vol. 105, no. 3, pp. 437-443. 
Cheng, J. C. Y., Chan, P. S., & Chiang, S. C. 1991, "Joint laxity in children", Journal 
of Pediatric Orthopaedics, vol. 11, pp. 752-755. 
Cheng, S. F., Hester, N. O., Foster, R. L., & Wang, J. J. 2003, "Assessment of the 
convergent validity of pain intensity in the Pain Sensory Tool", Journal of Nursing 
Research, vol. 11, no. 2, pp. 93-100. 
Cherpel, A. & Marks, R. 1999, "The Benign joint hypermobility syndrome", New 
Zealand Journal of Physiotherapy, vol. 27, no. 3, pp. 9-22. 
Child, A. H. 1986, "Hypermobility syndrome: inherited disorder of collagen 
synthesis", Journal of Rheumatology, vol. 13, no. 2, pp. 239-243. 
Choi, S. O. & Meeuwsen, H. J. 1995, "On the psychophysics of arm positioning 
movements", Perceptual and Motor Skills, vol. 80, no. 3, pp. 1163-1169. 
Churchill, D. L., Incavo, S. J., Johnson, C. C., & Beynnon, B. D. 1998. “The 
transepicondylar axis approximates the optimal flexion axis of the knee”, Clinical 
Orthopaedics and Related Research, vol. 356, pp. 111-118.  
Clark, F. J. & Horch, K. W. 1986, "Kinaesthesia," in Handbook of  perception and 
human performance, K. R. Boff, L. Kaufman, & J. P. Thomas, eds., John Wiley and 
Sons, New York, p. 13.1-13.62. 
Clark, P., MacDonald, P. B., & Sutherland, K. 1996, "Analysis of proprioception in 
the posterior cruciate ligament-deficient knee", Knee Surgery Sports Traumatology 
Arthroscopy, vol. 4, no. 4, pp. 225-227. 
Clarkson, H. M. 2000, "Principles and methods of assessing joint range of motion 
and muscle strength," in musculoskeletal assessment: Joint range of motion and 
 308 
 
manual muscle strength, second edn, Philadelphia, Lippincott Williams and Wilkins, 
pp. 2-32. 
Cody, F. W., Lovgreen, B., & Schady, W. 1993, "Increase dependence upon visual 
information of movement performance during visuo-motor tracking in cerebellar 
disorders", Electroencephalography and Clinical Neurophysiology, vol. 89, no. 6, pp. 
399-407. 
Cohen, D. A., Prudhomme, M. J., & Kalaska, J. F. 1994, "Tactile activity in primate 
primary somatosensory cortex during active arm movements", Journal of 
Neurophysiology, vol. 71, no. 1, pp. 161-172. 
Colebatch, J. G. & McCloskey, D. I. 1987, "Maintenance of constant arm position or 
force: Reflex and volitional components in man", Journal of Physiology, vol. 386, pp. 
247-261. 
Coren, S., Ward, L. M., & Enns, J. T. 1994, "Sensation and perception," 4th edn, S. 
Coren, L. M. Ward, & J. T. Enns, eds., Harcourt Brace College, Fort Worth. 
Corrigan, J. P., Cashman, W. F., & Brady, M. P. 1992, "Proprioception in the 
cruciate deficient knee", Journal of Bone and Joint Surgery, vol. 74B, no. 2, pp. 247-
250. 
Cox, R. H. 1991, "Relationship between stages of motor learning and kinaesthetic 
sensitivity", Journal of Movement Studies, vol. 21, pp. 85-95. 
Cross, G., Costigan, P. A., & Lynn, S. K. "Is lower limb joint proprioception 
systemic?" XXth Congress- ASB 29th Annual Meeting (July 31 - August 5), 
Cleveland, Ohio. 
Crowe, A., Keesen, W., Kuus, W., van Vliet, R., & Zegeling, A. 1989, "Proprioceptive 
accuracy in two dimensions", Perception and Motor Skills, vol. 64, no. 3, pp. 831-
846. 
Damiano, D. L., Kelly, L. E., & Vaughn, C. L. 1995, "Effects of quadriceps femoris 
strengthening on crouch gait in children with spastic diplegia", Physical Therapy, vol. 
75, no. 8, pp. 668 – 671. 
De Domenico, G. & McCloskey, D. I. 1987, "Accuracy of voluntary movements at 
the thumb and elbow joints", Experimental Brain Research, vol. 65, no. 2, pp. 471-
478. 
De Quervain, I. A. K. 1996, "Gait pattern in elderly recovery period after stroke", 
Journal of Bone and Joint Surgery, vol. 78A, no. 10, p. 1506. 
Decorster, L. C., Vailas, J. C., Lindsay, R. H., & Williams, G. R. 1997, "Prevalence 
and features of joint hypermobility among adolescent athletes", Archives of 
Paediatrics and Adolescent Medicine, vol. 151, no. 10, pp. 989-992. 
Deones, V. L., Wiley, S. C., & Worrell, T. 1994, "Assessment of quadriceps muscle 
performance by a hand-held dynamometer and an isokinetic dynamometer", Journal 
of Orthopaedic and Sports Physical Therapy, vol. 20, no. 6, pp. 296-300. 
 309 
 
Department of Health. The Children Act. 1989. London, HMSO.  
 
Dimond, B. 1996, The legal aspects of health care Mosby, London. 
Domholdt, E. 2000, Physical Therapy research principles and applications, section 
ed, W.B. Saunders Company, London. 
Dubowitz, V. 1978, Muscle disorders in childhood Saunders, W.B., London. 
Durward, B. R., Baer, G., & Rowe, P. 1999, Functional Human Movement, 1 ed, 
Butterworth-Heinemann. 
Dvir, Z., Koren, E., & Halparin, N. 1988, "Knee joint position sense following 
reconstruction of the anterior cruciate ligament", Journal of Orthopaedic and Sports 
Physical Therapy, vol. 10, pp. 117-120. 
Dvir, Z. 1997, "Grade 4 in manual muscle testing: the problem with submaximal 
strength", Clinical Biomechanics, vol. 11, no. 1, pp. 36-41. 
Dye, S. F. 1996, "The knee a biological transmission with envelope of function", 
Clinical Orthopaedic and Related Research, vol. 325, pp. 10-18. 
Dye, S. F., Wojtys, E. M., Fu, F. H., Fithian, D. C., & Gillquist, J. 1998, "Factors 
contributing to function of the knee joint after injury or reconstruction of the anterior 
cruciate ligament", Journal of Bone and Joint Surgery, vol. 80A, pp. 1380-1393. 
Dye, S. F. & Vaupel, G. L. 2000, "Functional anatomy of the knee: bony geometry, 
static and dynamic restraints, sensory and motor innervation," in Proprioception and 
neuromuscular control in joint stability, S. M. Lephart & H. F. Freddie, eds., Human 
Kinetics, Leeds, pp. 59-76. 
Eastlack, M. E., Arvidson, J., Snyder-Mackler, L., Danoff, J. V., & McGarvey, C. L. 
1991, "Interrater reliability of videotaped observational gait analysis assessment", 
Physical Therapy, vol. 71, pp. 465-472. 
Edin, B. B. & Abbs, J. H. 1991, "Finger movement responses of cutaneous 
mechanoreceptors in the dorsal of the human hand", Journal of Neurophysiology, 
vol. 65, pp. 657-670. 
Eckhoff, D. G., Dwyer, T. F., Bach, J. M., Spitzer, V. M., & Reinig, K. D. 2001, 
“Three-dimensional morphology of the distal part of the femur viewed in virtuall 
reality”, Journal of Bone and Joint Surgery, vol. 83A, no. 2(Pt 1), pp. 43-50. 
Eek, M. N., Krosmark, A. K., & Beckung, E. 2006, "Isometric muscle torque in 
children 5 to 15 years of age: normative data", Archives of Physical Medicine and 
Rehabilitation, vol. 87, no. 8, pp. 1091-1099. 
Effgen, S. K. & Brown, D. A. 1992, "Long-term stability of hand-held dynamometric 
Measurements in children who have myelomeningocele", Physical Therapy, vol. 72, 
no. 6, pp. 458-465. 
 310 
 
Eiser, C. & Morse, R. 2001, "The history and scope of quality-of-life measurement 
for children," in Quality-of-life measures in chronic diseases of childhood, 5 (1) edn, 
C. Eiser & R. Morse, eds., Queen's Printer and Controller, Norwich, pp. 1-8. 
Eiser, C. & Morse, R. 2001, "A review of measure quality of life for children with 
chronic illness", Archives of Diseases in Childhood, vol. 84, no. 3, pp. 205-211. 
El-Garf, A. K., Mahmoud, G. A., & Mahgoub, E. H. 1998, "Hypermobility among 
Egyptian children: prevalence and features", Journal of Rheumatology, vol. 25, no. 
5, pp. 1003-1005. 
El-Shahaly, H. A. & El-Sherif, A. K. 1991, "Is the benign joint hypermobility 
syndrome benign", Clinical Rheumatology, vol. 10, pp. 302-307. 
Elliot, J. M., Connolly, K. J., & Doyle, A. J. R. 1988, "Development of kinaesthetic 
sensitivity and motor performance in children", Developmental Medicine and Child 
Neurology, vol. 30, no. 1, pp. 80-92. 
Eng, J. J. & Pierrynowski, M. R. 1994, "The effect of soft foot orthotics on three-
dimensional lower limb kinematics and kinetic during walking and running", Physical 
Therapy, vol. 74, no. 9, pp. 836 - 844. 
Engelbert, R. H. H., Bank, R. A., Sakkers, R. J. B., Helders, P. J. M., Beemer, F. A., 
& Uiterwaal, C. S. P. M. 2003, "Pediatric generalised joint hypermobility with and 
without musculoskeletal complaints: A localised or systemic disorder?", Pediatrics, 
vol. 111, no. 3, p. e248-e254. 
Engelbert, R. H. H., Uiterweal, C. S. P. M., van der Putte, E., Helders, P. J. M., 
Sakkers, R. J. B., van der Tintelen, P., & Bank, R. A. 2004, "Pediatric joint 
hypermobility and musculoskeletal complaints: A new entity? Clinical, 
biomechanical, and osseal characteristics", Pediatrics, vol. 113, no. 4, pp. 714-719. 
Engelbert, R. H. H., Kooijmans, F. T., van Riet, A. M., Feitsma, T. M., Uiterwaal, C. 
S., & Helders, P. J. 2005, "The relationship between generalized joint hypermobility 
and motor development", Pediatric Physical Therapy, vol. 17, no. 4, pp. 258-63. 
Engelbert, R. H. H., van Bergen, M., Henneken, T., Helder, P. J. M., & Takken, T. 
2006, "Exercise tolerance in children and adolescents with musculoskeletal pain in 
joint hypermobility and joint hypomobility syndrome", Pediatrics, vol. 118, no. 3, p. 
e690-e696. 
Ennett, S. T., DeVellis, B. M., Earp, J. A., Kredich, D., Warren, R. W., & Wilhelm, C. 
L. 1991, "Disease experience and psychosocial adjustment in children with juvenile 
rheumatoid arthritis: children's versus mother's reports", Journal of Pediatric 
Psychology, vol. 16, no. 5, pp. 557-568. 
Enwemeka, C. 1986, "Radiographic verification of knee goniometry", Scandinavian 
Journal of Rehabilitation Medicine, vol. 18, pp. 47-49. 
Epps, H., Ginnelly, L., Utley, M., Southwood, T., Gallivan, S., Sculpher, M., & Woo, 
P. 2005, "Is hydrotherapy cost-effective? A randomised controlled trial of combined 
hydrotherapy programmes compared with physiotherapy land techniques in children 
 311 
 
with juvenile idiopathic arthritis", Health Technology Assessement, vol. 9, no. 39, pp. 
1-39. 
Euzet, J.-P. & Gahéry, Y. 1996, "Relationship between position sense and physical 
practice", Journal of Human Movement Studies, vol. 28, pp. 149-173. 
Everman, D. B. & Robin, N. H. 1998, "Hypermobility syndrome", Pediatrics in 
Review, vol. 19, no. 4, pp. 111-117. 
Everts, E. V. 1981, "Sherrington's concept of proprioception", Trends in 
Neurosciences, vol. 4, pp. 44-46. 
Faigenbaum, A. D., Zaichkowsky, L., Wescott, W., Micheli, L., & Fehlandt, A. 1993, 
"The effects of twice per week strength programme of children", Pediatric Exercise 
Science, vol. 5, pp. 339-346. 
Feinstein, A. R., Joseph, B. R., & Well, C. K. 1986, "Scientific and clinical problems 
in indices of functional disability", Annals of Internal Medicine, vol. 107, pp. 413-420. 
Feldman, D. E., Shrier, I., Rossingnol, M., & Abenhaim, L. 2001, "Risk factors for the 
development of low back pain in adolescence", American Journal of Epidemiology, 
vol. 154, no. 1, pp. 30-36. 
Ferrell, W. R. 1980, "The adequacy of stretch receptors in the cat knee for signalling 
joint angle throughout a full range of movement", Journal of Physiology, vol. 299, pp. 
85-99. 
Ferrell, W. R. 1987, "The effect of acute joint distension on mechanoreceptor 
discharge in the knee of the cat", Experimental Physiology, vol. 72, no. 4, pp. 493-
499. 
Ferrell, W. R., Tennant, N., Sutrrock, R. D., Ashton, L., Creed, G., Brydson, G., & 
Rafferty, D. 2004, "Amelioration of symptoms by enhancement of proprioception in 
patients with joint hypermobility syndrome", Arthritis and Rheumatism, vol. 50, no. 
10, pp. 3323-3328. 
Ferrell, W. R., Tennant, N., Baxendale, R. H., Kusel, M., & Sturrock, R. D. 2007, 
“Musculoskeletal reflex function in the joint hypermobility syndrome”, Arthritis and 
Rheumatism, vol. 57, no. 7, pp. 1329-1333. 
 
Feuerbach, J. W., Grabiner, M. D., Koh, T. J., & Weiker, G. G. 1994, "Effect of an 
ankle orthosis and ankle ligament anaesthesia on ankle joint proprioception", 
American Journal of Sports Medicine, vol. 22, no. 2, pp. 223-229. 
Finterbush, A. & Pogrund, H. 1982, "The hypermobility syndrome. Musculoskeletal 
complaints in 100 consecutive cases of generalised joint mobility", Journal of 
Orthopaedic Research, vol. 168, pp. 124-127. 
Fish, D. R. & Wingate, L. 1985, "Sources of goniometric error at the elbow", Physical 
Therapy, vol. 65, no. 11, pp. 1666-1670. 
 312 
 
Flament, D., Ellermann, J. M., Kim, S. G., Ugurbil, K., & Ebner, T. J. 1996, 
"Functional magnetic resonance imaging of cerebellar activation during the learning 
of a visuomotor dissociation task", Human Brain Mapping, vol. 4, no. 3, pp. 210-226. 
Florence, J. M., Pandya, S., King, W. M., Robison, J. D., Signore, L. C., Wentzell, 
M., & Province, M. A. 1984, "Clinical trials in Duchenne dystrophy: Standardisation 
and reliability of evaluation procedures", Physical Therapy, vol. 64, no. 1, pp. 41-45. 
Flynn, J. M., Mackenzie, W., Kolstad, K., Sandifer, E., Jawad, A. F., & Ganinat, B. 
2000, "Objective evaluation of knee laxity in children", Journal of Pediatric 
Orthopedics, vol. 20, no. 2, pp. 259-263. 
Forleo, L. H. A., Hilario, M. O., Peixoto, A. L., Nespitz, C., & Goldenberg, J. 1993, 
"Articular hypermobility in School Children", Journal of Rheumatology, vol. 20, no. 5, 
pp. 916-917. 
Forwell, L. A. & Carnahan, H. 1996, "Proprioception during manual aiming in 
individuals with shoulder instability and controls", Journal of Sports Physical 
Therapy, vol. 23, no. 2, pp. 111-119. 
Francis, H., March, I., Terenty, T., & Webb, J. 1987, "Benign joint hypermobility with 
neuropathy: documentation of tarsal tunnel syndrome", Journal of Rheumatology, 
vol. 14, no. 3, pp. 577-581. 
Fransen, M., Crosbie, J., & Edmonds, J. 1997, "Reliability of gait measurements in 
people with osteoarthritis of the knee", Physical Therapy, vol. 77, no. 9, pp. 944-953. 
Fremerey, R. W., Lobenhoffer, P., Zeichen, J., Skutek, M., Bosch, U., & Tscherne, 
H. 2000, "Proprioception after rehabilitation and reconstruction in knees with 
deficiency of the anterior cruciate ligament: A prospective, longitudinal study", 
Journal of Bone and Joint Surgery, vol. 82B, no. 6, pp. 801-806. 
French, S. 1989, "Some physiological and sociological aspect of pain", 
Physiotherapy, vol. 75, pp. 255-259. 
Friden, T., Roberts, D., Zatterstrom, R., Lindstrand, A., & Moritz, U. 1997, 
"Proprioception after an acute knee ligament injury: a longitudinal study on 16 
consecutive patients", Journal of Orthopaedic Research, vol. 15, no. 5, pp. 637-44. 
Friden, T., Hirschberg, A. L., Saartok, T., & Renstrom, P. 2006, "Knee joint 
kinaesthesia and neuromuscular coordination during three phases of the menstrual 
cycle in moderately active women", Knee Surgery Sports Traumatology and 
Arthroscopy, vol. 14, no. 4, pp. 383-389. 
Fridën, T., Roberts, D., Zatterstrom, R., Lindstrand, A., & Moritz, U. 1996, 
"Proprioception in the nearly extended knee: Measurements of position and 
movement in healthy individuals and in symptomatic anterior cruciate ligament 
injured patients", Knee Surgery Sports Traumatology Arthroscopy, vol. 4, no. 4, pp. 
217-224. 
Gandevia, S. C. & Burke, D. 1992, "Does the nervous system depend on 
kinaesthesia into control natural limb movements?" Behavioural and Brain Sciences, 
vol. 15, pp. 614-632. 
 313 
 
Garsden, L. R. & Bullock-Saxton, J. E. 1999, "Joint Position sense in subjects with 
unilateral osteroarthritis of the knee", Clinical Rehabilitation, vol. 13, pp. 148-155. 
Gazit, Y., Nahir, A. M., Grahame, R. & Jacob, G. 2003, "Dysautonomia in the joint 
hypermobility syndrome", American Journal of Medicine, vol. 115, no. 1, pp. 33-40. 
Gedalia, A. & Brewer, E. 1993, "Joint hypermobility in Paediatric Practice - A 
review", Journal of Rheumatology, vol. 20, no. 2, pp. 371-374. 
Gill, M. T. & Feinstein, A. R. 1994, "A critical appraisal of the qualiity of quality-of-life 
measurements", JAMA, vol. 24, no. 31, pp. 619-626. 
Gilman, S. 2002, "Joint position sense and vibration sense: anatomical organisation 
and assessment", Journal of Neurology, Neurosurgery and Psychiatry, vol. 73, no. 
5, pp. 473-477. 
Goble, D. J., Lewis, C. A., Hurvizt, E. A., & Brown, S. H. 2005, "Development of 
upper limb proprioceptive accuracy in children and adolescents", Human Movement 
Science, vol. 24, no. 2, pp. 155-170. 
Gogia, P. P., Braatz, J. H., Rose, S. J., & Norton, B. J. 1987, "Reliability and validity 
of goniometric measurements at the knee", Physical Therapy, vol. 67, no. 2, pp. 
192-195. 
Gomm, R., Needham, G., & Bullman, A. 2000, Evaluating research in health and 
social care, SAGE pulications Ltd, London. 
Gong, G. W., Young, N. L., Dempster, H., Porepa, M., & Feldman, B. M. 2007, "The 
Quality of My Life questionnaire: the minimal clinically important difference for 
paediatric rheumatology patients", Journal of Rheumatology, vol. 34, no. 3, pp. 581-
587. 
Good, L., Roos, H., Gottlieb, D. J., Rensrõm, P. A., & Beynnon, B. D. 1999, "Joint 
position sense is not changed after acute disruption of the anterior cruciate 
ligament", Acta Orthopaedica Scandinavica, vol. 70, no. 2, pp. 194-198. 
Gorton, G. E., Stevens, C. M., Masso, P. D., & Vannah, W. M. Repeatability of the 
working patterns of normal children. Gait and Posture, vol. 5, no. 2, 155-156. 1997.  
 
Grahame, R., Edwards, J. C., Pitcher, D., Gabell, A., & Harvey, W. 1981, "A clinical 
echocardiographic study of patients with the hypermobility syndrome", Annals of 
Rheumatic Diseases, vol. 40, no. 60, pp. 541-546. 
Grahame, R. 1990, "The hypermobility syndrome", Annals of Rheumatic Diseases, 
vol. 49, pp. 199-200. 
Grahame, R. 1999, "Joint hypermobility and genetic collagen disorders: are they 
related", Archives of Diseases in Childhood, vol. 80, no. 2, pp. 181-191. 
Grahame, R. 2000a, "Pain, distress and joint hyperlaxity", Joint Bone Spine, vol. 67, 
no. 3, pp. 157-163. 
 314 
 
Grahame, R. 2000b, “Hypermobility - not a circus act”, International Journal of 
Clinical Practice, vol. 54, no. 5. pp. 157-315. 
Grahame, R. & Bird, H. 2001, "British consultant rheumatologists' perceptions about 
the hypermobility syndrome: a national survey", Rheumatology, vol. 40, no. 5, pp. 
559-562. 
Grahame, R. 2003a, "Overall management of the hypermobility syndrome," in 
Hypermobility syndrome: Recognition and management for physiotherapists, Keer, 
R. & Grahame, R. eds., Butterworth Heinemann, London, pp. 27-32. 
Grahame, R. 2003b, "Hypermobility and hypermobility syndrome," in Hypermobility 
syndrome: Recognition and management for physiotherapist, Keer, R. & Grahame, 
R. eds., Butterworth Heinemann, Edinburgh, pp. 1-14. 
Greig, A. & Taylor, J. 1999, "Ethics in researching children," in Doing research with 
children, A. Greig & J. Taylor, eds., SAGE Publications Ltd, London, pp. 144-156. 
Grigg, P., Hoffman, A. H., & Schmidt, R. F. 1982, "Properties of Golgi-Mazzoni 
afferents in cat knee joint capsule, as revealed by mechanical studies of isolated 
joint capsule", Journal of Neurophysiology, vol. 47, no. 1, pp. 31-40. 
Grigg, P. 1994, "Peripheral neural mechanisms in proprioception", Journal of Sports 
Rehabilitation, vol. 3, no. 1, pp. 2-17. 
Grigg, P. 1996, "Articular neurophysiology," in Athletic injuries and rehabilitation, J. 
E. Zachazewski, D. J. Magee, & W. S. Quillen, eds., Saunders, Philadelphia, pp. 
152-169. 
Grob, K. R., Kuster, M. S., Higgins, S. A., Lloyd, D. G., & Yata, H. 2002, "Lack of 
correlation between different measurements of proprioception in the knee", Journal 
of Bone and Joint Surgery, vol. 84B, no. 4, pp. 614-618. 
Gurley-Green, S. 2001, "Living with the hypermobility syndrome", Rheumatology, 
vol. 40, no. 5, pp. 487-489. 
Gurney, B., Milani, J., & Pedersen, M. E. 2000, "Role of fatigue on proprioception of 
the ankle", Journal of Exercise Physiology, vol. 3, no. 1, pp. 8-13. 
Gutiérrez-Suárez, R., Pistorio, A., Norambuena, X., Flato, B., Rumba, I., Harjacek, 
M., Nielsen, S., Susic, G., Mihaylova, D., Huemer, C., Melo-Gomes, J., Andersson-
Gare, B., Balogh, Z., De Cunto, C., Vesely, R., Pagava, K., Romicka, A. M., Burgos-
Vargas, R., Martini, A., & Ruperto, N. 2007, "Health-related quality of life of patients 
with juvenile idiopathic arthritis coming from 3 different geographic areas. The 
PRINTO multinational quality of life cohort study", Rheumatology, vol. 46, no. 2, pp. 
314-320. 
Gyldenkerne, B., Iversen, K., Roegind, H., Fastrup, D., Hall, K., & Remvig, L. 2007, 
"Prevalence of general hypermobility in 12-13-year-old school children and impact of 
an intervention against injury and pain incidence", Advances in Physiotherapy, vol. 
9, no. 1, pp. 10-15. 
 315 
 
Hakim, A. J. & Grahame, R. 2004, "Non-musculoskeletal symptoms in joint 
hypermobility syndrome. Indirect evidence for autonomic dysfunction?" 
Rheumatology, vol. 43, no. 9, pp. 1194-1195. 
Halata, Z., Rettig, T., & Schulze, W. 1985, "The ultrastructure of sensory nerve 
endings in human knee joint capsule", Anatomy and Embryology, vol. 172, no. 3, pp. 
265-275. 
Hall, M. G., Ferrell, W. R., Strurock, R. D., Hamblen, D. L., & Baxendale, R. H. 1995, 
"The effect of joint hypermobility syndrome on knee joint proprioception", British 
Journal of Rheumatology, vol. 34, no. 2, pp. 121-125. 
Handler, C. E., Child, A., Light, N. D., & Dorrance, D. E. 1985, "Mitral valve 
prolapse, aortic copliance, and skin collagen in joint hypermobility syndrome", British 
Heart Journal, vol. 54, no. 5, pp. 501-508. 
Hansen, A., Damsgaard, R., Kirstensen, J. H., Bagger, J., & Remvig, L. 2002, 
"Interexaminer reliability of selected tests for hypermobility", Journal of Orthopaedic 
Medicine, vol. 24, no. 2, pp. 48-51. 
Harada, N., Chiu, V., Damro-Rodriguez, J., Fowler, E., Siu, A., & Reuben, D. B. 
1995, "Screening for balance and mobility impairment in elderly individuals living in 
residential care facilities", Physical Therapy, vol. 75, no. 6, p. 462. 
Harris, J. E., MacDermid, J, C., & Roth, J. 2005, “The International Classification of 
Functioning as an explanatory model of health after distal radius fracture: a cohort 
study”, Health and Quality of Life Outcomes, vol. 3, no. 73, pp. 1-9. 
Hassan, B. S., Doherty, S. A., Mockett, S., & Doherty, M. 2002, "Effect of pain 
reduction on postural sway, proprioception and quadriceps strength in subjects with 
knee osteoarthritis", Annals of Rheumatic Diseases, vol. 61, no. 5, pp. 422-428. 
Hazlewood, M. E., Rowe, P. J., & Salter, P. M. 1995, "Use of electrogoniometers as 
a measurement tool for passive movement and gait analysis", Physiotherapy, vol. 
81, no. 10, p. 640. 
Hearn, M., Crowe, A., & Keesen, W. 1989, "Influence of age on proprioceptive 
accuracy in two dimensions", Perceptual and Motor Skills, vol. 69, no. 3, pp. 811-
818. 
Hepplemann, B., Heuss, C., & Schmidt, R. F. 1988, "Fibre size distribution of 
myelinated and unmyelinated axons in the medial and posterior articular nerves of 
the cat's knee joint", Somatosensory and Motor Research, vol. 5, no. 4, pp. 273-281. 
Herrington, L., Simmonds, C., & Hatcher, J. 2005, "The effect of a neoprene sleeve 
on knee joint position sense", Research in Sports Medicine, vol. 13, no. 1, pp. 37-
46. 
Hester, N. O. 1993, Assessment of pain children with cancer. In: Chapman C R, 
Foley K. M. (Eds). Current and emerging Issues in Cancer Pain. Research and 
Practice. 219-245. New York, Raven Press.  
 
 316 
 
Hirayama, K., Fukutake, T., & Kawamura, M. 1999, "Thumb localising test' for 
detecting a lesion in the posterior column-medial lemniscal system", Journal of 
Neurological Science, vol. 167, no. 1, pp. 45-49. 
Hoare, D. & Larkin, D. 1991, "Kinaesthetic abilities of clumsy children", 
Developmental Medicine and Child Neurology, vol. 33, no. 8, pp. 671-678. 
Hoffmann, M. & Payne, V. G. 1995, "The effects of proprioceptive ankle disk training 
on healthy subjects", Journal of Orthopaedic and Sports Physical Therapy, vol. 21, 
no. 2, pp. 90-93. 
Hogervorst, B. 1998, "Current concept review mechanoreceptors in joint function", 
Journal of Bone and Joint Surgery, vol. 80A, no. 9, pp. 1365-1378. 
Horowitz, S. H. 1993, "Diabetic neuropathy", Clinical Orthopaedics and Related 
Research, vol. 296, no. 11, pp. 78-85. 
Hudson, N., Starr, M. R., Esdaile, J. M., & Fitzcharles, M. A. 1995, "Diagnostic 
associations with hypermobility in rheumatology patients", British Journal of 
Rheumatology, vol. 34, no. 12, pp. 1157-1161. 
Hughes, R. E., Johnson, M. E., O'Driscoll, S. W., & An, K. 1999, "Age-related 
changes in normal isometric shoulder strength", American Journal of Sports 
Medicine, vol. 25, no. 5, pp. 651-657. 
Hurley, M. V. & Newham, D. J. 1993, "The influence of arthrogenous muscle 
inhibition on quadriceps rehabilitation of patients with early, unilateral osteoarthritic 
knees", British Journal of Rheumatology, vol. 32, no. 2, pp. 127-131. 
Hurley, M. V., Jones, D. W., & Newham, D. J. 1994, "Arthrogenic quadriceps 
inhibition and rehabilitation of patients with extensive traumatic knee injuries", 
Clinical Science, vol. 86, no. 3, pp. 305-310. 
Hurley, M. V., Scott, D. L., Rees, J., & Newham, D. J. 1997, "Sensorimotor changes 
and functional performance in patients with knee osteoarthritis", Annals of 
Rheumatic Diseases, vol. 56, no. 11, pp. 641-648. 
Hurley, M. V., Rees, J., & Newham, D. J. 1998, "Quadriceps function, proprioceptive 
acuity and functional performance in healthy young, middle-aged and elderly 
subjects", Age and Aging, vol. 27, no. 1, pp. 55-62. 
International Association for the Study of Pain (IASP) 1994, Classification of Chronic 
pain. 2nd eds. Seatle. IASP Press. 
Ishii, Y. Terajima, K. Terahima, S. Bechtold, J. E. & Laskin, R. S. 1997, 
"Comparison of joint position sense after total knee arthroplasty", Journal of 
Arthroplasty, vol. 12, no. 5, pp. 541-545. 
Jami, L. 1992, "Golgi tendon organs in mammalian skeletal muscle: Functional 
properties and central actions", Physiological Reviews, vol. 72, no. 3, pp. 623-666. 
Janse, A. J., Uiterwaal, C. S., Gemke, R. J., Kimpen, J. L., & Sinnema, G. 2005, "A 
difference in perception of quality of life in chronically ill children was found between 
 317 
 
parents and pediatricians", Journal of Clinical Epidemiology, vol. 58, no. 5, pp. 495-
502. 
Jansson, A., Saartok, T., Werner, S., & Renström, P. 2004, "General joint laxity in 
1845 Swedish school children of different ages: age- and gender-specific 
distributions", Acta Paediatrica, vol. 93, no. 9, pp. 1202-1206. 
Jaworski, T. M. 1993, "Juvenile rheumatoid arthritis: pain-related and psychosocial 
aspects and their relevance for assessment and treatment", Arthritis Care and 
Research., vol. 6, no. 4, pp. 187-196. 
Jeffe, M., Tirosh, E., Cohen, H., & Taub, Y. 1988, "Joint mobility and motor 
development", Archives of Diseases in Childhood, vol. 63, no. 2, pp. 159-161. 
Jennings, A. G. & Seedhom, B. B. 1994, "Proprioception in the knee and reflex 
hamstring contraction latency", Journal of Bone and Joint Surgery, vol. 76B, no. 3, 
pp. 511-520. 
Jerosch, J. G. 2000, "Effects of Shoulder Instability on Joint Proprioception," in 
Proprioception and Neuromuscular Control in Joint Stability, S. M. Lephart & H. E. 
and Fu, eds., Human Kinetics, Leeds, pp. 247-264. 
Jette, A. M. 1993, "Using Health-Related Quality of life measures in physical therapy 
outcomes research", Physical Therapy, vol. 73, no. 8, pp. 528-537. 
Jette, A. M. 1995, "Outcomes research: shifting the dominant research paradigm in 
Physical Therapy", Physical Therapy, vol. 75, no. 11, pp. 965-970. 
Johansson, H., Sjolander, P., & Sojka, P. 1991, "A sensory role for the cruciate 
ligaments", Clinical Orthopaedics and Related Research, vol. 268, pp. 161-171. 
Jones, B. 1976, "Perception of passive movement by cerebral palsy children", 
Developmental Medicine and Child Neurology, vol. 18, no. 1, pp. 25-30. 
Juniper, E. F., Guyatt, G. H., Fenny, D. H., Ferrie, P. J., Griffith, L. E., & Townsend, 
M. 1996, "Measuring quality of life in children with asthma", Quality of Life Research, 
vol. 5, no. 1, pp. 35-46. 
Kadaba, M. P., Ramakrishma, H. K., Wootten, M. E., Gainey, J., Gortton, G., & 
Cochran, G. V. B. 1989, "Repeatability of kinematic, kinetic and electromyographic 
data in normal adult gait", Journal of Orthopaedic Research, vol. 7, no. 6, pp. 849-
860. 
Kadaba, M. P., Ramakrishma, H. K., & Wooten, M. E. 1990, "Measurement of lower 
extremity kinematics during level walking", Journal of Orthopaedic Research, vol. 8, 
no. 3, pp. 383-392. 
Kalaska, J. F. 1994, "Central neural mechanisms of touch and proprioception", 
Canadian Journal of Physiology and Pharmacology, vol. 72, no. 5, pp. 542-545. 
Kaplan, F. S., Nixon, J. E., Reitz, M., Rindfleish, L., & Tucker, J. 1985, "Age-related 
changes in proprioception and sensation of joint position", Acta Orthopaedica 
Scandinavica, vol. 56, no. 1, pp. 72-75. 
 318 
 
Karner, P. M., Thompson, A., Connelly, D. M., & Vandervoort, A. A. 1998, "Strength 
Testing in Elderly Women using a Portable Dynamometer", Physiotherapy Canada, 
vol. 35, no. 40. 
Katoh, M., Mochizuki, T., & Moriyama, A. 1993, "Changes of sagittal-plane ankle 
motion and ground reaction force (fore-aft shear) in normal children aged 4 to 10 
years", Developmental Medicine and Child Neurology, vol. 35, no. 5, pp. 417-423. 
Keating, J. L. & Matyas, T. A. 1996, "The influence of subject and test design on 
dynamometric measurements of extremity muscles", Physical Therapy, vol. 76, no. 
8, pp. 866-889. 
Keifer, G., Forwell, L., Kramer, J., & Birmingham, T. 1998, "Comparison of sitting 
and standing protocols for testing knee proprioception", Physiotherapy Canada, vol. 
50, no. 1, pp. 30-34. 
Keer, R. and Grahame, R. 2003, Hypermobility syndrome: Recognition and 
management for physiotherapist, Keer, R. & Grahame, R. eds., Butterworth 
Heinemann, Edinburgh. 
Kerr, A., Macmillan, C. E., Uttley, W. S., & Luqmani, R. A. 2000, "Physiotherapy for 
children with hypermobility syndrome", Physiotherapy, vol. 86, no. 6, pp. 313-317. 
Kanehisa, H., Abe, T. & Fukunaga, T. 2002. Growth trends of dynamic strength in 
adolescent boys: A 2-year follow-up survey. Journal of Sports Medicine and 
Physical Fitness, vol. 43; no. 4, pp. 459-464. 
 
Kanehisa, H., Ikegawa, S., Tsunoda, N. & Fukunaga, T. 1994. “Strength and cross-
sectional area of knee extensor muscles in children” European Journal of Applied 
Physiology, vol. 68; no. 5, 402-405. 
 
Keessen, W., Crowe, A., & Hearn, M. 1992, "Proprioceptive accuracy in idiopathic 
scoliosis", Spine, vol. 17, no. 2, pp. 149-155. 
Kierner, A. C., Zelenka, L., Lukas, J. R., & Aigner, M. R. M. 1999, "Observation on 
the number, distribution and morphological peculiarities of muscle spindles in the 
tensor tympani and stapedius muscle of man", Hearing Research, vol. 135, no. 1, 
pp. 71-77. 
Kirk, J. H., Ansell, B., & Bywaters, E. G. L. 1967, "The hypermobility syndrome: 
musculoskeletal complaints associated with generalised joint hypermobility", Annals 
of Rheumatic Diseases, vol. 26, no. 5, pp. 419-425. 
Kjeken, I., Dagfinrud, H., Slatkowsky-Christensen, B., Mowinckel, P., Uhlig, T., 
Kvien, T. K., & Finset, A. 2005, “Activity limitations and participation restrictions in 
women with hand osteoarthritis: patients’ descriptions and associations between 
dimensions of functioning”, Annals of the Rheumatic Diseases, vol. 64, pp.1633-
1638. 
 
Klemp, P., John, E. S., & Sedick, I. 1984, "A hypermobility study in ballet dancers", 
Journal of Rheumatology, vol. 11, no. 5, pp. 692-696. 
 319 
 
Klemp, P. 1997, "Hypermobility", Annals of Rheumatic Diseases, vol. 56, no. 10, pp. 
573-575. 
Kramer, J., Handfield, T., Keifer, G., Forwell, L., & Birmingham, T. 1997, 
"Comparisons of weight-bearing and no-weight bearing tests of knee proprioception 
performed by patients with patellofemoral pain syndrome and asymptomatic 
individuals.", Clinical Journal of Sports Medicine, vol. 7, pp. 113-118. 
Krauspe, R., Schmidt, M. B., & Schaible, H. G. 1992, "Sensory innervation of the 
anterior cruciate ligament", Journal of Bone and Joint Surgery, vol. 74A, no. 3, pp. 
390-397. 
Krebs, D. E., Eldelstein, J. E., & Fishman, S. 1985, "Reliability of observational 
kinematic gait analysis", Physical Therapy, vol. 65, no. 7, pp. 1027-1033. 
Lamari, N. M., Churire, A. G., & Cordeiro, J. A. 2005, "Analysis of joint mobility 
patterns among preschool children", Sao Paulo Medical Journal, vol. 123, no. 
3, pp. 119-123. 
Larsson, L. G., Baum, J., Mudholkar, G. S., & Kollia, G. D. 1993a, "Benefits and 
disadvantages of joint hypermobility among musicians", New England Journal of 
Medicine, vol. 329, no. 15, pp. 1079-1082. 
Larsson, L. G., Baum, J., Mudholkar, G. S., & Skivastava, D. K. 1993b, 
"Hypermobility: Prevalence and features in a Swedish population", British Journal of 
Rheumatology, vol. 32, no. 2, 116-119. 
LaStayo, P. C. & Wheeler, D. L. 1994, "Reliability of passive wrist flexion extension 
goniometric measurements: a multicenter study", Physical Therapy, vol. 74, no. 2, 
pp. 162-176. 
Lattanzio, P. J., Petrella, R. J., Sproule, J. R., & Fowler, P. J. 1997, "Effects of 
fatigue on knee joint proprioception", Clinical Journal of Sports Medicine, vol. 7, no. 
1, pp. 22-27. 
Lea, R. D. & Gerhardt, J. J. 1995, "Current concept reviews review: Range of motion 
measurements", Journal of Bone and Joint Surgery, vol. 77A, no. 5, pp. 784-798. 
Lehmkuhl, L. D. & Smith, L. K. 1983, Clinical Kinaesiology, Fourth edn, F.A. Davis 
Company, Philadelphia. 
Leo, K. C. & Soderberg, G. L. 1981, "Relationship between perception of joint sense 
and limb synergies in patients with hemiplegia", Physical Therapy, vol. 61, no. 10, 
pp. 1433-1441. 
Lephart, S. M., Kocher, M. S., Fu, F. H., Borsa, P. A., & Harner, C. D. 1992, 
"Proprioception following anterior cruciate ligament reconstruction", Journal of 
Sports Rehabilitation, vol. 1, pp. 188-196. 
Levin, K. A. 2006, "Study design III: Cross-sectional studies", Evidence-Based 
Dentistry, vol. 7, no. 1, pp. 24-25. 
 320 
 
Levine, R. J. 1988, Ethics and regulation of clinical research, Second edn, Yale 
University Press, Rhodes Island. 
Lewkonia, R. M. & Ansell, B. M. 1983, "Articular hypermobility stimulating chronic 
rheumatological disease", Archives of Diseases in Childhood, vol. 58, pp. 988-992. 
Lewkonia, R. M. 1987, "Hypermobility of joints", Archives of Diseases in Childhood, 
vol. 62, pp. 1-2. 
Li, G., Lopez, O., & Rubah, H. 2001, “Variability of three-dimensional finite element 
model constructed using magnetic resonance image of a knee joint contact stress 
anlysis”, Journal of Biomechanical Engineering. Vol. 123, no. 4, pp. 341-346. 
Lincoln, N. B., Jackson, J. M., & Adams, S. M. 1998, "Reliability and revision of the 
Nottingham sensory assessment for stroke patients", Physiotherapy, vol. 84, pp. 
358-365. 
Lindsay, K. W., Bone, I., & Callander, R. 2004, Neurology and neurosurgery 
illustrated, Fourth edn, Churchhill Livingstone, Edinburgh. 
Lobbenhoffer, P., Biedert, R., Stauffer, E., Latterma, C., & Gerich, T. G. 1996, 
"Occurrence and distribution of free nerve endings in the distal iliotibial tract system 
of the knee", Knee Surgery Sports Traumatology and Arthroscopy, vol. 4, no. 2, pp. 
111-115. 
Lonn, J., Creenshaw, A. G., Djupsjobacka, M., & Johasson, H. 2000, "Reliability of 
Position Sense testing assessed with fully automated system", Clinical Physiology, 
vol. 20, no. 1, pp. 30-31. 
Loudon, J. K. 2000, "Measurement of knee joint position sense in women with genu 
recurvatum", Journal of Sport Rehabilitation, vol. 9, no. 1, pp. 15-25. 
MacDonald, P. B., Hedden, D., Pacin, O., & Suntherland, K. 1996, "Proprioception 
in anterior cruciate ligament-deficient and reconstructed knees", American Journal 
of Sports Medicine, vol. 24, no. 6, pp. 774-778. 
Macefield, V. G., Gandevia, S. C., Bigland-Ritchie, B., & Gorman, R. B. 1993, "The 
firing rate of human motoneurones voluntarily activated in the absence of muscle 
afferent feedback", Journal of Physiology, vol. 471, pp. 429-443. 
Maclennan, W. J., Timothy, J. I., & Hall, M. R. P. 1980, "Vibration sense, 
proprioception and ankle reflexes in old age", Journal of Clinical and Experimental 
Gerontology, vol. 2, pp. 159-171. 
Maher, C. 1993, "Pitfalls in reliability studies: some suggestions for changes", 
Australian Journal of Physiotherapy, vol. 39, pp. 5-7. 
Maillard, S. & Murray, K. J. 2003, "Hypermobility syndrome in children," in 
Hypermobility syndrome: Recognition and management for physiotherapists, R. 
Keer & R. Grahame, eds., Butterworth Heinemann, London, pp. 33-50. 
Maitland, G. D. 1991, Peripheral manipulation, Third edn, Butterworth Heinemann, 
Edinburgh. 
 321 
 
Mallik, A. K., Ferrell, W. R., McDonald, A. G., & Sturrock, R. D. 1994, "Impaired 
proprioceptive acuity at the proximal interphalangeal joint in patients with the 
hypermobility syndrome", British Journal of Rheumatology, vol. 33, no. 7, pp. 631-
637. 
Mann, R. A. 1975, "Biomechanics of the foot," in Atlas of Orthotics: Biomechanical 
principles and application, American Academy of Orthopaedic Surgeons, ed., C.V. 
Mosby, St. Louis, pp. 257-266. 
March, L. M., Francis, H. T., & Webb, J. 1988, "Benign joint hypermobility with 
neuropathies: documentation of median, sciatic and common peroneal nerve 
compression", Clinical Rheumatology, vol. 7, no. 1, pp. 35-40. 
Marks, R. 1997, "Peripheral mechanisms underlying the signalling of joint position", 
New Zealand Journal of Physiotherapy, vol. 25, no. 1, pp. 7-13. 
Marks, R. 1994, "The reliability of knee position sense measurements in women", 
Physiotherapy Canada, vol. 46, no. 1, pp. 37-41. 
Marks, R. 1996, "Further evidence of impaired position sense in knee osteoarthritis", 
Physiotherapy Research International, vol. 1, no. 2, pp. 127-136. 
Marks, R. & Quinney, A. H. 1997, "Position sense perception at the knee in healthy 
persons and persons with chronic degenerative arthritis", Clinical Kinesiology, vol. 
50, pp. 76-82. 
Marks, R. 1998, "The evaluation of joint position sense", New Zealand Journal of 
Physiotherapy, vol. 26, pp. 20-28. 
Marnach, M. L., Ramin, K. D., Ramsey, P. S., Song, S., Stensland, J. J., & An, K. 
2003, "Characterisation of the relationship between joint laxity and maternal 
hormones in pregnancy", Obstetrics and Gynaecology, vol. 101, no. 2, pp. 331-335. 
Martin-Santos, R., Bulbena, A., Porta, M., Gago, J., Molina, L., & Duro, J. 1998, 
"Association between joint hypermobility syndrome and panic disorder", American 
Journal of Psychiatry, vol. 155, no. 11, pp. 1578-1583. 
Matre, D., Arendt-Neilsen, L., & Knardahl, S. 2002, "Effects of localization and 
intensity of experimental muscle pain on ankle joint proprioception", European 
Journal of Pain, vol. 6, no. 4, pp. 245-260. 
Matthews, P. B. C. 1988, "Proprioceptors and their contribution to somatosensory 
mapping: complex messages require complex processing", Canadian Journal of 
Physiology and Pharmacology, vol. 66, no. 4, pp. 430-438. 
Mayston, M. 2007, “Motor control in developmental neurology”, in Physiotherapy for 
children, T. Pountney, ed., Butterworth Heinemann, London, pp. 61-67. 
McCarthy, M. L., MacKenzie, E. J., Durbin, D. R., Aitken, M. E., Jaffe, K. M., Paidas, 
C. N., Slomine, B. S., Dorsch, A. M., Berk, R. A., Kristensen, J. J., & Ding, R. 2005, 
"The Pediatric Quality of Life Inventory: an evaluation of its reliability and validity for 
children with traumatic brain injury", Archive of Physical Medicine and Rehabilitation, 
vol. 86, no. 10, pp. 1901-1909. 
 322 
 
McCormack, M., Briggs, J., Hakim, A., & Grahame, R. 2004, "Joint laxity and the 
benign joint hypermobility syndrome in student and professional ballet dancers", 
Journal of Rheumatology, vol. 31, no. 1, pp. 173-178. 
McGrath, P. A. 1987, "Assessment of children's pain: a review of behavioural 
physiological, and direct scaling techniques", Pain, vol. 31, pp. 147-176. 
McGrath, P. A. & Brigham, M. C. 1992, "The Assessment of pain in children and 
adolescents," in Hand Book of Pain Assessment, D. C. Turk & R. and Melzack, eds., 
The Guilford Press, New York, pp. 295-315. 
McGrath, P. A., Seifert, C. E., Speechly, K. N., Boot, J. C., Stitt, L., & Gibson, M. C. 
1996, "A new analogue scale for assessing children's pain: an initial validation 
study", Pain, vol. 64, no. 3, pp. 435-443. 
McNair, P. J., Depledge, J., Brettkelly, M., & Stanley, S. N. 1996, "Verbal 
encouragement: effects on maximum effort voluntary muscle action", British Journal 
of Sports Medicine, vol. 30, no. 3, pp. 243-245. 
Merlini, L., Dell'Accio, D., Hozl, A., & Granata, C. 1992, "Isokinetic muscle testing 
(IMT) in neuromuscular diseases. Preliminary report", Neuromuscular Disorders, 
vol. 2, no. 3, pp. 201-207. 
Merlini, L., Dell'Accio, D., & Granata, C. 1995, "Reliability of dynamic strength knee 
muscle testing in children", Journal of Orthopaedic and Sports Physical Therapy, 
vol. 22, no. 2, pp. 73-76. 
Middleditch, A. 2003, "Management of the hypermobile adolescent," in 
Hypermobility syndrome recognition and management for physiotherapist, R. Keer & 
R. Grahame, eds., Butterworth Heinemann, London, pp. 51-66. 
Mikkelsson, M., Salimen, J. J., & Kautinen, H. 1996, "Joint hypermobility is not a 
contributing factor to musculoskeletal pain in pre - adolescents", Journal of 
Rheumatology, vol. 23, no. 11, pp. 1963-1967. 
Miro, J. & Huguet, A. 2004, "Evaluation of reliability, validity, and preference for a 
pediatric pain intensity scale: the Catalan version of pain scale - revised", Pain, vol. 
111, no. 2, pp. 59-64. 
Mishra, M. M., Ryan, P., Atkinson, P., Taylor, H., Bell, J., Calver, D., Fogelman, I., 
Child, A., Jackson, G., Chambers, J. B., & Graham, R. 1996, "Extra-articular 
features of benign joint hypermobility syndrome", British Journal of Rheumatology, 
vol. 35, no. 9, pp. 861-866. 
Moberg, E. 1990, "Two-point discrimination test: A valuable part of hand in surgical 
rehabilitation, e.g in tetraplegia", Scandinavian Journal of Rehabilitation Medicine, 
vol. 22, no. 3, pp. 127-134. 
Moore, A. P. 1987, "Impaired sensiromotor integration in Parkinsonism and 
dyskinesia: A role for corollary discharge?" Journal of Neurology, Neurosurgery and 
Psychiatry, vol. 50, pp. 544-552. 
 323 
 
Moore, K. L. & Dalley, A. F. 1999, clinically oriented anatomy, 4th edn, Lippincott 
Williams and Wilkins, London. 
Morgan, G. A., Leech, N. L., Gloeckner, G. W., & Barrett, K. C. 2004, SPSS for 
Introductory Statistics: Use and Interpretation, Second edn, Lawrence Erlbaum 
Associates, Inc, Mahwah, New Jersey. 
Morton, J. F., Brownlee, M., & McFadyen, A. K. 2005, "The effects of progressive 
resistance training for children with cerebral palsy", Clinical Rehabilitation, vol. 19, 
no. 3, pp. 283-289. 
Most, E., Axe, J., Rubash, H., & Li, G. 2004, “Sensitivity of knee joint kinematics 
calculation to selection of flexion axes”, Journal of Biomechanics, vol. 37, no. 11, pp. 
1743-1748. 
Mueller, M. J., Minor, D. D., Schaaf, J. A., Strube, M. J., & Sahrmann, S. A. 1995, 
"Relationship of plantar flexor peak torque and dorsiflexion range of motion to kinetic 
variables during walking", Physical Therapy, vol. 75, no. 8, pp. 684 - 693. 
Muller-Godeffroy, E., Lehmann, H., Kuster, R. M., & Thyen, U. 2005, "Quality of life 
and psychosocial adaptation in children and adolescents with juvenile idiopathic 
arthritis and reactive arthritis", Zeitschrift für Rheumatologie, vol. 64, no. 3, pp. 177-
187. 
Muller, R. B. P. 1997, "A critical discussion of intraclass correlation coefficients 
Statistics in Medicine", Statistics in Medicine, vol. 16, no. 7, pp. 281-283. 
Munro, B. H. 2005, Statistical methods for health care research, Fifth edn, Lippincott 
Williams and Wilkins, London. 
Murray, K. J. 2006, "Hypermobility disorders in children and adolescent", Best 
Practice & Research  Clinical Rheumatology, vol. 20, no. 5, pp. 329-351. 
Murray, K. J. & Woo, P. 2001, "Benign joint hypermobility in childhood", 
Rheumatology, vol. 40, no. 5, pp. 489-491. 
Nagamine, R., Miura, H., Inoue, Y., Urabe, K., Matsuda, S., Okamoto, Y., 
Nishizawa, M., & Iwamoto, Y. 1998, “Reliability of the anteroposterior axis and the 
posterior condylar axis for determining rotational alignment of the femoral 
component in total knee arthroplasty”, Journal of Orthopaedic Science, vol. 3, no. 4. 
pp. 194-198. 
 
Newnham, C. & McKenzie, B. E. 1993, "Cross-modal transfer of sequential visual 
and haptic shape information by clumsy children", Perception, vol. 22, no. 9, pp. 
1061-1073. 
Noreau, L. & Vachon, J. 1991, "Comparison of three methods to assess muscular 
strength in individuals with spinal cord injury", Spinal Cord, vol. 36, no. 10, pp. 716-
23. 
Norkin, C. C. 2001, "Gait Analysis," in Physical Rehabilitation: Assessment and 
Treatment, Fourth edn, S. B. O'sullivan & R. F. Schmdt, eds., F.A. Davis company, 
Philadelphia, pp. 257-307. 
 324 
 
Norkin, C. C. & White, D. J. 2003, Measurement of joint motion: Aguide to 
goniometry, Third edn, F.A. Davis Company, Philadelphia. 
O'sullivan, S. B. & Schmitz, T. J. 2001, Physical rehabilitation, assessment and 
treatment, Fourth edn, F.A. Davis Company, Philadelphia. 
Ochoa, J. & Torebjork, E. 1989, "Sensations evoked by intraneural 
microstimualation of C nociceptior fibres in human skin nerves", Journal of 
Physiology, vol. 415, pp. 583-599. 
Onuoha, A. R. A. 1990, "Comparison of quadriceps and Hamstring functions in 
college-age students", Physiotherapy, vol. 76, no. 3, pp. 172-176. 
Orendurff, M. S., Aiona, M. D., Dorociak, R. D., & Pierce, R. A. 2002, "Length and 
force of the gasrocnemius and soleus during gait following tendo achilles 
lengthening in children with equinus", Gait and Posture, vol. 15, no. 2, pp. 130-135. 
Ounpuu, M. S., Gage, J. R., & Davis, R. B. 1991, "Three-dimensional lower 
extremity joint kinetics in normal paediatric gait", Journal of Pediatric Orthopaedics, 
vol. 11, pp. 341-349. 
Pandya, S., Florence, J. M., King, W. M., Robison, J. D., Oxman, M., & Province, M. 
A. 1985, "Reliability of goniometry measurements in patients with Dutchene 
muscular dytsrophy", Physical Therapy, vol. 65, pp. 1339-1342. 
Perlau, R., Frank, C., & Fick, G. 1995, "The effect of elastic bandages on human 
knee proprioception in the uninjured population", American Journal of Sports 
Medicine, vol. 23, no. 2, pp. 251-255. 
Perrini, F., Tallents, R. H., Katsberg, R. W., Ribeiro, R. F., Kyrkanides, S., & Moss, 
M. E. 1997, "Generalized joint laxity and temporomandibular disorders", Journal of 
Orofacial Pain, vol. 11, no. 3, pp. 215-222. 
Perry, J. 1983, "Anatomy and biomechanics of the hindfoot", Clinical Orthopaedics 
and Related Research, vol. 177, pp. 9-15. 
Petrella, R. J., Lattanzio, P. J., & Nelson, M. J. 1997, "Effect of age and activity on 
knee joint proprioception", American Journal of Physical Medicine and 
Rehabilitation, vol. 76, no. 3, pp. 235-241. 
Petrie, A., Pulman, J. S., & Osborn, J. F. 2002, "Further statistics in dentistry part 2: 
research designs", British Dental Journal, vol. 193, no. 8, pp. 435-440. 
Petty, N. J. & Moore, A. P. 2001, Neuromusculoskeletal examination and 
assessment: a handbook for therapists, Second edn, Churchhill Livinstone, 
Edinburgh. 
Pincevero, D. M., Bachmeier, B., & Coelho, A. J. 2001, "The effect of joint angle and 
reliability on knee proprioception", Medicine and Science in Sports and Exercise, 
vol. 33, no. 10, pp. 1708-1712. 
 325 
 
Pincevero, D. M., Gandaio, C. B., & Ito, Y. 2003, "Gender-specific knee extensor 
torque, flexor torque, and muscle fatigue responses during maximal effort 
contractions", European Journal of Applied Physiology, vol. 89, no. 2, pp. 134-141. 
Pitcher, D. & Grahame, R. 1982, "Mitral valve prolapse and joint hypermobility: 
evidence for systemic connective tissue abnormality?" Annals of the Rheumatic 
Diseases, vol. 41, no. 4, pp. 352-354. 
Pokorny, M. J., Smith, T. D., Calus, S. A., & Dennison, E. A. 2000, "Self-reported 
oral contraceptive use and peripheral joint laxity",  Journal of Sports Physical 
Therapy, vol. 30, no. 11, pp. 683-692. 
Poul, J. & Fait, M. 1986, "Generalised laxity of the ligaments in children", Zeitschrift 
für Orthopädie und ihre Grenzgebiete, vol. 124, no. 3, pp. 336-339. 
Pountney, T. 2002, "Ethical consideration in paediatric research", Association of 
Paediatric Chartered Physiotherapists Journal pp. 12-16. 
Powell, M., Seid, M., & Szer, I. S. 2005, "Efficacy of custom foot orthotics in 
improving pain and functional status in children with juvenile idiopathic arthritis: a 
randomized trial", Journal of Rheumatology, vol. 32, no. 5, pp. 943-950. 
Prockop, D. J. & Kivirikko, K. I. 1995, "Collagens: molecular biology, diseases, and 
potentials for therapy", Annual Review of Biochemistry, vol. 10, pp. 293-304. 
Proske, U., Schaible, H., & Schmidt, R. 1988, "Joint receptors and kinaesthesia", 
Experimental Brain Research, vol. 72, no. 2, pp. 219-224. 
Proske, U., Wise, A. K., & Gregory, J. E. 2000, "The role of muscle receptors in the 
detection of movements", Progress in Neurobiology, vol. 60, no. 1, pp. 85-96. 
PS (2005): http://biostat.mc.vanderbilt.edu/twiki/bin/view/Main/PowerSampleSize 
Accessed on 29/01/2005 
 
Qvindesland, A. & Jonsson, H. 1999, "Articular hypermobility in Icelandic 12-year-
olds", Rheumatology, vol. 38, no. 10, pp. 1014-1016. 
Rajapakse, C. N. A., Al-Orainey, I. O., Al-Harthi, S. S., Osman, A., & Smith, J. 1987, 
"Joint mobility and mitral valve prolapse in an Arab population", British Journal of 
Rheumatology, vol. 26, no. 6, pp. 442-444. 
Ramsay, J. A., Blinkie, C. J. R., Smith, K., Ganer, S., & MacDougall, J. D. 1990, 
"Strength training effect in prepubescent boys", Medicine and Science in Sports and 
Exercise, vol. 22, pp. 605-146. 
Rankin, G. & Stokes, M. 1998, "Reliability of assessment tools in rehabilitation: an 
illustration of appropriate statistical analyses", Clinical Rehabilitation, vol. 12, no. 3, 
pp. 187-199. 
Raynor, A. J. 1998, "Fractioned reflex and reaction time in children with 
developmental coordination disorder", Motor Control, vol. 2, no. 2, pp. 114-124. 
 326 
 
Raynor, A. J. 2001, "Strength, power, and coactivation in children with 
developmental coordination disorder", Developmental Medicine and Child 
Neurology, vol. 434, no. 10, pp. 676-678. 
Readyard, L. B. & Edwards, W. T. Management of acute pain. A practical guide. 
International Association for the study of pain, 2. 1992.  
 
Reese, N. B. & Bandy, W. D. 2002, "Measurement of range of motion and muscle 
length: Clinical relevance," in Joint range of motion and muscle length testing, W.B. 
Saunders company, New York, pp. 43-59. 
Reid, D. C., Burnham, R. S., Saboe, L. A., & Kushner, S. F. 1987, "Lower extremity 
flexibility patterns in classical ballet dancers and their correlation to lateral hip and 
knee injuries", American Journal of Sports Medicine, vol. 15, no. 4, pp. 347-352. 
Reilly, C. & Walsh, B. 2005, "Hand held dynamometry as a tool in clinical practice", 
Physiotherapy Ireland, vol. 26, no. 1, pp. 34-37. 
Reinking, M. F., Bockrath-Pugliese, K., Worrell, T., Kegerreis, R. L., Miller-Sayers, 
K., & Farr, J. 1996, "Assessment of quadriceps muscle performance by hand-held, 
isometric, and isokinetic dynamometry in patients with knee dysfunction", Journal of 
Orthopaedic and Sports Physical Therapy, vol. 24, no. 3, pp. 154-159. 
Remedios, L., Morris, M., & Bendrups, A. 1998, "Reduced static proprioception of 
the knee joint following anterior cruciate ligament reconstruction", Physiotherapy 
Canada, vol. 50, pp. 299-308. 
Remvig, L., Jensen, D. V., & Ward, R. C. 2007, "Are diagnostic criteria for general 
joint hypermobility and benign joint hypermobility syndrome based on reproducible 
and tests? A review of the literature", Journal of Rheumatology, vol. 34, no. 4, pp. 
798-803. 
Riddle, D. L., Finucane, S. D., Rothstein, J. M., & Walker, M. L. 1989, "Intrasession 
and intersession reliability of hand-held dynamometer measurements taken on brain 
damgaed patients", Physical Therapy, vol. 69, no. 3, pp. 183-189. 
Riemann, B. L. & Lephart, S. M. 2002, "The sensorimotor system, part I: the 
physiologic basis of functional joint stability", Journal of Athletic Training, vol. 37, no. 
1, pp. 71-79. 
Rigby, A. S. & Vail, A. 1998, "Statistical methods in epidemiology II: a 
commonsense approach to sample size estimation", Disability and Rehabilitation, 
vol. 20, no. 11, pp. 405-410. 
Roberts, D., Ageberg, E., Andersson, G., & Friden, T. 2003, "Effect of short-term 
cycling on knee joint proprioception in healthy young persons", American Journal of 
Sports Medicine, vol. 31, no. 6, pp. 990-994. 
Roberts, D., Andersson, G., & Friden, T. 2004, "Knee joint proprioception in ACL-
deficient knees is related to cartilage injury, laxity and age: a retrospective study of 
54 patients", Acta Orthopaedica Scandinavian, vol. 75, no. 1, pp. 78-83. 
 327 
 
Robichaud, J. A. & Agostinucci, J. 1996, "Air-splint pressure effect on soleus muscle 
alpha motoneuron reflex excitability in subjects with spinal cord injury", Archives of 
Physical Medicine and Rehabilitation, vol. 77, no. 8, pp. 778-782. 
Rodgers, M. M. & Cavanough, P. R. 1994, "Glossary of biomechanical terms: 
Concepts and units", Physical Therapy, vol. 64, no. 12, p. 182. 
Rodier, S., Euzet, J. P., Gahéry, Y., & Paillard, J. 1991, "Crossmodal versus 
intramodal evaluation of the knee joint angle: A normative study in a population of 
young adults", Human Movement Science, vol. 10, pp. 689-712. 
Romain, K. 1993, "Outcome Measures", Physiotherapy, vol. 79, no. 10, p. 714. 
Romsing, J., Hertel, S., Moller-Sonnergaard, J., & Ramussen, M. 1996, 
"Postoperative pain in Danish children: self-report measures of pain intensity", 
Journal of Pediatric Nursing, vol. 11, no. 2, pp. 119-124. 
Root, M. L., Orien, W. P., & Weed, J. H. 1977, "Normal and abnormal function of the 
foot", Clinical Biomechanics, vol. 11, pp. 110-125. 
Rozzi, S. L., Lephart, S. M., & Gear, W. S. 1999, "Knee joint laxity and 
neuromusculoskeletal characteristics of male and female soccer and basketball 
players", American Journal of Sports Medicine, vol. 27, no. 3, pp. 312-319. 
Ruperto, N., Malattia, C., Bartoli, M., Trail, L., Pistorio, A., Martini, A., & Ravelli, A. 
2004, "Functional ability and physical and psychosocial well-being of hypermobile 
schoolchildren", Clinical and Experimental Rheumatology, vol. 22, no. 44, pp. 95-98. 
Russek, L. N. 2000, "Examination and treatment of a patient with hypermobility 
syndrome", Physical Therapy, vol. 80, no. 4, pp. 386-398. 
Russek, L. N. 2004, "Factors affecting interpretation of reliability coefficients", 
Journal of Orthopaedic and Sports Physical Therapy, vol. 34, no. 6, pp. 334-347. 
Ryan, L. 1994, "Mechanical stability, muscle strength and proprioception in the 
functionally unstable ankle", Australian Journal of Physiotherapy, vol. 40, pp. 41-47. 
Sadeghi, H. Allard, P. & Duhaime, M. 2000, “Contributions of lower-limb muscle 
power in gait of people without impairments” Physical Therapy, vol. 80, no. 12, pp. 
1188-1196. 
Sahin, N., Baskent, A., Ugurlu, H., & Berker, E. 2007,”Isokinetic evaluation of knee 
extensor/flexor muscle strength in patients with hypermobility syndrome”, 
Rheumatology International, (published online). 
Saleh, M. & Murdroch, G. 1985, "In defence of gait analysis", Journal of Bone and 
Joint Surgery, vol. 67B, no. 2, pp. 237-241. 
Salkind, N. J. 2004, Statistics for People Who (Think They) Hate Statistics, Second 
edn, Sage Publication Inc, London  
 328 
 
Sallfors, C., Hallberg, L. R., & Fasth, A. 2004, "Well-being in children with juvenile 
chronic arthritis", Clinical and Experimental Rheumatology, vol. 22, no. 1, pp. 125-
130. 
Sartor-Glittenberg, C. & Powers, R. 1993, "Quantitative measurement of 
kinaesthesia following cebral vascular accident", Physiotherapy Canada, vol. 45, pp. 
179-186. 
Savedra, M. C., Holzemer, W. L., Tesler, M. D., & Wilkie, D. J. 1993, "Assessment 
of postoperative pain in children and adolescents using the pediatric pain tool", 
Nursing Research, vol. 42, no. 1, pp. 5-9. 
Sawyer, M. G., Whitham, J. N., Roberton, D. M., Taplin, J. E., Varni, J. W., & 
Baghurst, P. A. 2004, "The relationship between health-related quality of life, pain 
and coping strategies in juvenile idiopathic arthritis", Rheumatology, vol. 43, no. 3, 
pp. 325-330. 
Schache, A. G., Blanch, P. D., Rath, D. A., Wrigley, T. V., Starr, R., & Bennell, K. L. 
2002, "Intra-subject repeatability of the three dimensional angular kinematics within 
the lumbo-pelvic-hip complex during running", Gait and Posture, vol. 15, no. 2, pp. 
136-145. 
Schaible, H. G. & Schmdt, R. F. 1996, "Neurobiology of articular nociceptors," in 
Neurobilogy of nociceptors, C. Belmonte & F. Cervero, eds., Oxford University 
Press, Oxford, pp. 202-219. 
Schanberg, L. E., Lefebvre, J. C., Keefe, F. J., Kredich, D. W., & Gil, K. M. 1997, 
"Pain coping and the pain experience in children with juvenile chronic arthritis", Pain, 
vol. 73, no. 2, pp. 181-189. 
Schenkman, M., Cutson, T. M., Kutchibhatla, M., Chandler, J. & Pieper, C. 1997, 
"Reliability of impairment and Physical performance measures for persons with 
Parkinson's disease", Physical Therapy, vol. 77, no. 1, p. 19. 
Schmdt, R. F. 1996, "The articular polymodal nociceptors in health and disease", 
Progress in Brain Research, vol. 113, pp. 53-82. 
Schneider, R. J. 1990, "Loss of information concerning hair displacement and other 
somatic stimuli in the first somatic sensory cortex of unanaesthetised Mecaca 
mulatta monkeys following dorsal funiculus transection", Experimental Brain 
Research, vol. 83, no, 1, pp. 105-114. 
Scottish Executive, Children (Scotland) Act 1995. Office of public sector information. 
http://www.legislation.gov.uk/acts/acts1995/Ukpga_19950036_en_1 Accessed on 
25/06/2004. 
Seagraves, F. E. & Horvat, M. 1995, "Comparison of isometric test procedures to 
assess muscular strength in elementary school girls", Pediatric Exercise Science, 
vol. 7, no. 1, pp. 61-68. 
Seckin, U., Tur, B. S., Ylmaz, O., Yack, I., Bodur, H., & Arasl, T. 2005, "The 
prevalence of joint hypermobility among high school students", Rheumatology 
International, vol. 25, no. 4, pp. 260-263. 
 329 
 
Sekir, U. & Gür, H. 2005, "A multi-station proprioceptive exercise in patients with 
bilateral knee osteoarthritis: Functional capacity, pain and sesiromotor function: A 
randomised controlled trial", Journal of Sports Science and Medicine, vol. 4, no. 2, 
pp. 590-603. 
Selby-Siverstein, L., Farrett, W. D., Maurer, B. T., & Hillstorm, H. J. 1997, "Gait 
analysis and bivalved serial casting of an athlete with shortened gastrocnemius 
muscles: A single case design", Journal of Orthopaedic Sports Physical Therapy, 
vol. 25, no. 4, pp. 382 - 288. 
Selvaag, A. M., Flato, B., Lien, G., Sorskaar, D., Vinje, O., & Forre, O. 2003, 
"Measuring health status in early juvenile idiopathic arthritis: determinants and 
responsiveness of the child health questionnaire", Journal of Rheumatology, vol. 30, 
no. 7, pp. 1602-1610. 
Seniorou, M., Thomson, N., Harrington, M. E., Stebbins, J. A., & Theologis, T. N. 
2002, “Reliability of measurements in healthy children and children with cerebral 
palsy using a digital myometer”, Gait and Posture, vol. 16, no. 1, pp. S175-S176.  
 
Sherrington, C. S. 1906, "On the proprioceptive system, particularly in its reflex 
aspects", Brain, vol. 29, pp. 467-482. 
Silman, A. J., Haskard, D., & Day, S. 1986, "Distribution of joint mobility in a normal 
population: results of the use of fixed torque measuring devices", Annals of 
Rheumatic Diseases, vol. 45, no. 1, pp. 27-30. 
Silman, A. J., Day, S. J., & Haskard, D. O. 1987, "Factors associated with joint 
mobility in an adolescent population", Annals of Rheumatic diseases, vol. 46, no. 3, 
pp. 209-212. 
Sim, J. & Arnell, P. 1993, "Measurement validity in physical therapy research", 
Physical Therapy, vol. 73, no. 2, pp. 102-110. 
Sim, J. & Wright, C. C. 2005, "The Kappa statistic in reliability studies: use, 
interpretation, and sample size requirements", Physical Therapy, vol. 85, no. 3, pp. 
257-267. 
Simoneau, G. G., Cavanagh, P. R., Becker, M. B., & Ubrecht, J. S. 1992, "The 
relationship between ankle movement perception threshold and cutaneous sensory 
assessment", Physical Therapy, vol. 72, p. S81. 
Simpson, M. R. 2006, "Benign joint hypermobility syndrome: Evaluation, diagnosis 
and management", Journal of the American Osteopathic Association, vol. 106, no 8, 
pp. 531-536. 
Sims, K., Henderson, S. E., Hulme, C., & Morton, J. 1996, "The remediation of 
clumsiness. 1. An evaluation of Laszlo's kinaesthetic approach. 2. Is kinaesthesia 
the answer?" Developmental Medicine and Child Neurology, vol. 38, pp. 976-997. 
Skinner, H. B., Barrack, R. L., & Cook, S. D. 1984, "Age-related decline in 
Proprioception", Clinical Orthopaedics and Related Research, vol. 184, pp. 209-211. 
 330 
 
Skinner, H. B., Wyatt, M. P., Hodgdon, D. W., Conard, D. W., & Barrack, R. L. 1986, 
"Effect of fatigue on joint position sense of the knee", Journal of Orthopaedic 
Research, vol. 4, no. 1, pp. 112-118. 
Sloan, C. 2002, "Review of the reliability and validity of myometry with children", 
Physical & Occupational Therapy in Pediatrics, vol. 22, no. 2, pp. 79-93. 
Smidt, G. L. & Rogers, M. W. 1982, "Factor contributing to the regulation and clinical 
assessment of muscle strength", Physical Therapy, vol. 62, no. 9, pp. 1283-1290. 
Snell, R. S. 2006, Clinical Neuroanatomy, 6th edn, Lippincott Williams and Wilkins, 
Philadelphia, pp. 69-95. 
Snyder-Macker, L. & Lewek, M. 2006, “The knee”, in Joint structure and function: a 
comprehensive analysis, P. K. Levengie & C.C. Norkin, eds., F. A. Davis Company, 
Philadelphia, pp. 393-436.  
Soehting, J. F., Tong, D. C., & Flanders, M. 1996, "Frames of reference in 
sensorimotor integration: Position sense of the arm and hand," in Hand and brain: 
The neurophysiology and psychology of hand movements, A. M. Wing, P. Haggard, 
& J. R. Flanagan, eds., Academic Press, San Diego, pp. 151-168. 
Solomonow, M., Baratta, R., Zhou, B. H., Shoji, H., Bose, W., Beck, C., & 
D'Ambrosia, R. 1987, "The synergistic action of the anterior cruciate ligament and 
the thigh muscles in maintaining joint stability", American Journal of Sports 
Medicine, vol. 15, no. 3, pp. 207-213. 
Stanitski, C. L. 1995, "Articular hypermobility and chondral injury in patients with 
acute patellar dislocation", American Journal of Sports Medicine, vol. 23, no. 2, pp. 
146-150. 
Stansfield, B. W., Hillman, S. J., Hazlewood, M. E., Lawson, A. A., Mann, A. M., & 
Robb, J. E. 2001, "Sagittal joint kinematics, moments, and powers are 
predominantly characterized by speed of progression, not age, in normal children", 
Journal of Paediatric Orthopaedics, vol. 21, no. 3, pp. 403-411. 
Stein, R. E. K. & Jessop, D. J. 1990, "Functional Status II (R): a measure of child 
status", Medical care, vol. 28, no. 11, pp. 1041-1055. 
Stevens, B. J., Johnston, C., & Grunau, R. V. E. 1995, "Issues of assessment of 
pain and discomfort in neonates.", Journal of Obstetrics and Gynaecological 
Neonatal Nursing, vol. 24, pp. 849-855. 
Stillman, B. C., Tully, E. A., & McMeeken, J. M. 2002, "Knee joint mobility and 
position sense in healthy young adults", Physiotherapy, vol. 88, no. 9, pp. 553-560. 
Stillman, B. C. 2000, “An investigation of the clinical assessment of joint position 
sense”. University of Melbourne, Australia. PhD Thesis. 
Stillman, B. C. 2002, “Making sense of proprioception: the meaning of 
proprioception, kinaeasthesia and related terms.” Physiotherapy, vol. 88, no. 11, pp. 
667-646. 
 331 
 
Streisand, R., Braniecki, S., Tercyak, K. D., & Kazak, A. E. 2001, "Childhood illness-
related parenting stress: the paediatric inventory for parents", Journal of Paediatric 
Psychology, vol. 26, pp.  no. 3, 155-162. 
Stuberg, W. A. & Metcalf, W. K. 1988, "Reliability of Quantitative Muscle Testing in 
Healthy Children and In Children with Duchenne Muscular Dystrophy Using a Hand-
Held Dynamometer", Physical Therapy, vol. 6, no. 8, pp. 6-977. 
Stucki, G., Bruhlmann, P., Stucki, S., & Michel, B. A. 1997, "Isometric muscle 
strength is an indicator of self-reported physical functional disability in patients with 
rheumatoid arthritis", British Journal of Rheumatology, vol. 37, no. 6, pp. 643-648. 
Stucki, G. & Ewert, T. 2005, “How to assess the impact of arthritis on the individual 
patient: the WHO ICF” Annals of the Rheumatic Diseases, vol, 64, no. 5, pp. 664-
668. 
Stucki, G. & Cieza, A. 2004, “The International Classification of Functioning, 
Disabilty and Health (ICF) core sets for rheumatoid arthritis: a way to specify 
functioning” Annals of the Rheumatic Diseases, vol. 63, Supp 2, pp. ii40-ii45. 
Subramanyam, V. & Janaki, K. V. 1996, "Joint hypermobility in south Indian 
children", Indian Pediatrics, vol. 33, no. 9, pp. 771-772. 
Suman, O. E., Spies, R. E., Celis, M. M., Mlcak, R. P., & Herndon, D. N. 2001, 
"Effects of a 12-week resistance exercise programme on skeletal muscle strength in 
children with burn injuries", Journal of Applied Physiology, vol. 91, no. 3, pp. 1168-
1175. 
Suter, T., Zanetti, M., Schmid, M., & Romero, J. 2006, “Reproducibility of 
measurement of femoral component rotation after total knee arthroplasty using 
computer tomography”, Journal of Arthroplasty, vol. 21, no. 5, pp. 744-748 
 
Swanik, C. B., Rubash, H. E., Barrack, R. L., & Lephart S. M. 2000, “The role of 
proprioception in patients with DJD and following total knee anthroplasty” in 
Proprioception and neuromuscular control in joint stability, S. Lephart & F. H. Fu, 
eds., Human Kinetic, Leeds, pp. 323-338. 
Sykanda, A. M., Armstrong, R. W., Rogers, M. J., & Stewart, S. N. 1988, “Standards 
for evaluating muscle strength of children, using the myometer”, Developmental 
Medicine and Child Neurology, vol. 57, p. 19.   
Taylor, R. A., Marshall, P. H., Dunlap, R. D., Gable, C. D., & Sizer, P. S. 1998, Knee 
Position error detection in closed and open kinetic chain tasks during concurrent 
cognitive distraction. Journal of Orthopaedic Sports Physical Therapy vol. 28, no. 2, 
pp. 81-87.  
 
Thambyah, A., Thiagarajan, P., & Hong, J. G. C. 2004, "Knee joint moments during 
stair climbing of patients with anterior cruciate ligament deficiency", Clinical 
Biomechanics, vol. 19, no. 5, pp. 489-496. 
 332 
 
Thibault, A., Robert, F., & Lambert, J. 1994, "Evaluation of cutaneous and 
proprioceptive sensation in children: A reliability study", Developmental Medicine 
and Child Neurology, vol. 36, no. 9, pp. 796-812. 
Thompson, K. R., Mikesky, A. E., Bahamonde, R. E. & Burr, D. B. 2003. “Effects of 
physical training on proprioception in older women”, Journal of Musculoskeletal and 
Neuronal Interaction, vol. 3, no. 3, pp 223-231. 
Tiberio, D. 1987, "The effect of excessive subtalar joint pronation on patellofemoral 
mechanics: a theoretical model", Journal of Orthopaedic and Sports Physical 
Therapy, vol. 9, pp. 160-165. 
Tiffreau, V., Ledoux, I., Eymard, B., Thevenon, A., & Hogrel, J.-Y. 2007, "Isokinetic 
muscle testing for weak patients suffering for neuromuscular disorders: A reliability 
study", Neuromuscular Disorders, vol. 17, no. 7, pp. 524-531. 
Tong, C. 1983, "The test-retest reliability of straight leg raising as limited by pain 
tolerance in back pain patients", Journal of Hong Kong Physiotherapy Association, 
vol. 5, pp. 13-18. 
Toro, B., Nester, C., & Farren, P. 2003, "A review of observational gait assessment 
in clinical practice", Physiotherapy Theory and Practice, vol. 19, no. 3, pp. 137-149. 
Tortora, G. J. & Grabowski, S. R. 2003, Principles of anatomy and physiology, Tenth 
edn. John Willey and Sons, Inc., New York. 
Trew, M. & Everett, T. 2001, Human movement, Fourth edn, Churchill Livingstone, 
Edinburgh. 
Trott, A. W. 1982, "Children's foot problems", Orthopaedic Clinic North America, vol. 
13, no. 3, pp. 641-654. 
Trudelle-Jackson, E., Jackson, A. W., Frankowski, C. M., Long, K. M., & Meske, N. 
B. 1994, "Inter-device reliability and validity assessment of the Nicholas hand-held 
dynamometer", Journal of Orthopaedic Sports Physical Therapy, vol. 20, no. 6, pp. 
302-306. 
Tsang, W. W. N. & Hui-Chan, C. W. Y. 2003, "Effects of Tai Chi on joint 
proprioception and stability limits in elderly subjects", Medicine and Science in 
Sports and Exercise, vol. 35, no. 12, pp. 1962-1971. 
Tsang, W. W. N. & Hui-Chan, C. W. Y. 2004, "Effects of exercise on joint position 
sense and balance in elderly men: Tai chi versus golf", Medicine and Science in 
Sports and Exercise, vol. 36, no. 4, pp. 658-667. 
Vallbo, A. B., Olsson, K. A., & Wessberg, J. 1999, "Unmyelinated afferents 
constitute a second system coding tactile stimuli of the human hairy skin", Journal of 
Neurophysiology, vol. 81, no. 6, pp. 2755-2763. 
van Beers, R. J., Sitting, A. C., & Denier van de Gon, J. J. 1999, "Integration of 
proprioceptive and visual position-information: An experimentally supported model", 
Journal of Neurophysiology, vol. 81, no, 3, pp. 1355-1364. 
 333 
 
van der Giessen, L. J., Liekens, D., Rutgers, K. J., Hartman, A., Mulder, P. G., & 
Oranje, A. P. 2001, "Validation of Beighton score and prevalence of connective 
tissue signs in 773 Dutch children", Journal of Rheumatology, vol. 28, no. 12, p. -
2726. 
Van der Linden, M., Kerr, A. M., Hazlewood, M. E., Hillman, S. J., & Robb, J. E. 
2002, "Kinematic and kinetic gait characteristics of normal children walking at a 
range of clinical relevant speeds", Journal of Pediatric Orthopaedics, vol. 22, no. 6, 
pp. 800-806. 
Van der Linden, M. L., Aitchison, A. L., Hazlewood, M. E., Hillman, S. J., & James, 
E. R. 2004, "Test-retest repeatability of gluteus maximus strength testing using a 
fixed digital dynamometer in children with cerebral palsy", Archives of Physical 
Medicine and Rehabilitation, vol. 85, no. 12, pp. 2058-2063. 
Van Willigen, J. D., Morimoto, T., Broekhuijsen, M. L., Bijl, G. K., & Inoue, T. 1993, 
"An electromyographic study of whether the diastric muscles are controlled by jaw-
closing proprioceptors in man", Archives of Oral Biology, vol. 38, no. 6, pp. 497-505. 
Varni, J. W., Seid, M. & Kurtin, P. S. 2001, "PedsQLTM 4.0: Reliability, validity, and 
responsiveness of Pediatric Quality of Life InventoryTM Generic Core Scales in 
healthy and patient populations", Medical Care, vol. 39, no. 8, pp. 800-812. 
Varni, J. W., Seid, M., Knight, T. S., Burwinkle, T. M., Brown, J., & Szer, I. S. 2002, 
"The PedsQLTM in pediatric rheumatology: Reliability, validity, and responsiveness of 
Pediatric Quality of Life InventoryTM Generic Core Scales and Rheumatology 
Module", Arthritis and Rheumatism, vol. 46, no. 3, pp. 714-725. 
Varni, J. W., Burwinklle, T. M., & Seid, M. 2006, "The PedsQLTM 4.0 as a school 
population health measure: feasibility, reliability and validity", Quality of Life 
Research, vol. 16, no. 2, pp. 203-215. 
Vermeulen, H. M., de Bock, G. H., van Houwelingen, H. C., van der Meer, R. L., 
Mol, M. C., Plus, B. T., Rozing, P. M., & Vliet Vlieland, T. P. M. 2005, "A comparison 
of two portable dynamometers in the assessment of shoulder and elbow strength", 
Physiotherapy, vol. 91, pp. 101-112. 
Visser, J. & Geuze, R. H. 2000, "Kinaesthetic acuity in adolescent boys: a 
longitudinal study", Developmental Medicine and Child Neurology, vol. 42, no. 2, pp. 
93-96. 
Voight, M. L., Hardin, J. A., Blackburn, T. A., Tippett, S., & Canner, G. C. 1996, 
"Effect of muscle fatigue on and the relationship of arm dominance to shoulder 
proprioception", Journal of Orthopaedic and Sports Physical Therapy, vol. 23, no. 6, 
pp. 348-352. 
Von Schroeder, H. P. 1995, "Gait parameters following stroke: A practical 
assessment", Journal of Rehabilitation and Research Development, vol. 32, no. 1, 
pp. 25 - 31. 
Vougiouka, O., Moustaki, M., & Tsanaktsi, M. 2000, "Benign hypermobility 
syndrome in Greek schoolchildren", European Journal of Pediatrics, vol. 159, no. 8, 
p. 628. 
 334 
 
Waddington, G. & Adams, R. 1999, "Discrimination of active plantarflexion and 
inversion movements after ankle injury", Australian Journal of Physiotherapy, vol. 
no. 1, 45, pp. 7-13. 
Walker, L. S., Smith, C. A., Garber, J., & Van Slyke, D. A. 1997, "Development and 
validation of the pain response inventory for children", Psychological Assessment, 
vol. 9, no. 4, pp. 392-405. 
Warren, P. J., Olanlokun, T. K., Cobb, A. G., & Bentley, G. 1993, "Proprioception 
after knee arthroplasty: The influence of prosthetic design", Clinical Orthopaedics 
and Related Research, vol. 297, pp. 182-187. 
Watkins, M. A., Riddle, D. L., Lamb, R. L., & Personius, W. J. 1991, "Reliability of 
goniometric measurements and visual estimates of knee range of motion obtained in 
a clinical setting", Physical Therapy , vol. 71, no. 2, pp. 90-96. 
Wedderkopp, N., Andersen, L. B., Froberg, K., & Leboeuf-Yde, C. 2005, "Back pain 
reporting in young girls appears to be puberty-related", BMC Musculoskeletal 
Disorders, vol. 6, no. 52, pp. 1-5. 
Weiler, H.-T. & Awiszus, F. 2001, “Characterisation of human knee joint 
proprioception by means of signal detection theory”. Society of Neuroscience, vol. 
138, no. 1, pp. 110 - 117.    
Westling, L. 1989, "Craniomandibular disorders and general joint mobility", Acta 
Odontologica Scandinavica, vol. 47, no. 5, pp. 293-299. 
Westling, L. & Mattiasson, A. 1992, "General joint hypermobility and 
temporomandibular joint derangement", Annals of Rheumatic Diseases, vol. 51, no. 
1, pp. 87-90. 
Whittle, M. 1991, Methods of gait analysis; Gait Analysis: An Introduction.  
Butteworth Heinemann, Edinburgh. 
WHOQOL group. 1995, "World health organisation Quality of life Assessment 
(WOQOL): position paper from the World Health organisation", Social Science and 
Medicine, vol. 41, no. 10, pp. 1403 - 1409. 
Wiggin, M., Wilkinson, K., Habatz, S., Chorley, J., & Watson, M. 2006, "Percentile 
values of isokinetic peak torque in children six through thirteen years old", Pediatric 
Physical Therapy, vol. 18, no. 1, pp. 3-18. 
Wilson, L. R., Gandevia, S. C., & Burke, D. 1997, "Discharge of muscle spindle 
afferents innervating ankle dorsiflexors during target isometric contractions", Journal 
of Physiology, vol. 504, no. 1, pp. 221-232. 
Wilson, L. R., Gandevia, S. C., Inglis, J. T., Gracies, J., & Burke, D. 1999, "Muscle 
spindle activity in the affected upper limb after a unilateral stroke", Brain, vol. 
122,no. 11,  pp. 2079-2088. 
World Health Organisation, 2001, International Classification of Functioning, 
Disability and Health (ICF), Geneva: WHO, 2001. 
 335 
 
Xu, D., Hong, Y., Li, J., & Chan, K. 2004, "Effect of tai chi exercise on proprioception 
of ankle and knee joints in old people", British Journal of Sports Medicine, vol. 38, 
pp. 50-54. 
Yan, T. & Hui-Chan, C. W. Y. 2000, "Ability to detect movement of the knee joint 
decreases with age", Archives of Physical Medicine and Rehabilitation, vol. 81, pp. 
1274-1275. 
Yoshino, N., Takai, S., Ohtsuki, Y., & Hirasawa, Y. 2001, “Computed tomography 
measurement of the surgical and clinical transepicondylar axis of the distal femur in 
osteoarthritic knees” Journal of Arthroplasty, vol. 16, no. 4, pp. 493-497. 
Zimny, M. L. 1988, "Mechanoreceptors in articular tissues", American Journal of 
Anatomy, vol. 182, no. 1, pp. 16-23. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 336 
 
APPENDICES 
 
Appendix 1: Summary of the results of bench validation and repeatability 
experiments on digital myometer and universal goniometer 
 
Experiments ICC 95% LOA 
Criterion-related validity of force 
measurements by digital myometer 
against weighing scale (N) 
1.00 -2.45 to 3.35 
Within-day repeatability of digital 
myometer (N) 
0.98 -2.04 to 3.58 
Between-days repeatability of digital 
myometer (N) 
0.95 -2.9 to 3.20 
Criterion-related validity of angular 
measurements of the universal 
goniometer myometer against Myrin 
goniometer (0) 
0.97 -0.12 to 0.09 
Within-day repeatability of universal 
goniometer (0) 
0.95 -0.32 to 0.29 
Between-days repeatability of universal 
goniometer (0) 
0.92 -3.35 to 4.29 
 
        Keys:  
        ICC = Intraclass correlation coefficients 
        LOA = Limits of agreement 
        N = Newtons 
        0 = degree 
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Appendix 3.1: Letter of Invitation to Participate in the Study 
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Appendix 3.2: Letter of Invitation to Participate in the Study 
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Appendix 3.3: Letter of Invitation to Participate in the Study 
 
                                                
Francis Fatoye                                          
Research Student 
Edinburgh, EH6 8HF 
Tel: 0131 317 3665 
Fax: 0131 317 3815 
Email: ffatoye@qmuc.ac.uk 
Date 
 
Dear Parent, 
 
Research Project: “Developing an Assessment Strategy for Children 
Diagnosed with Hypermobility Syndrome (HMS)” 
       
Thank you for your interest in the above research study. I am writing this letter as a 
follow up to the letter you received from your child’s head teacher regarding my 
study. I am a chartered Physiotherapist and post-graduate research student in 
Physiotherapy at Queen Margaret University College (QMUC), Edinburgh. This 
study is being conducted with the approval of the Education Department, City of 
Edinburgh Council and your child’s head teacher. 
 
Enclosed is a copy of the information sheet, response sheet, two copies of the 
parental consent form and two copies of the participant (your child’s) consent form.  
If you consent to your child taking part in this study then please complete the 
response sheet and the consent forms (one signed copy of each of the consent 
forms to be retained by you and one signed copy of each of the consent forms 
to be returned with the response sheet in the pre-paid envelope to Francis 
Fatoye)  
 
On receipt of the forms I will contact you in order to answer any questions that 
you/your child may have concerning the study and to make the necessary 
arrangements for your child’s visit to QMUC. Alternatively you can contact me 
directly at the above address. 
 
Yours sincerely,  
 
Francis Fatoye MSc MCSP 
Research Student 
Enc. 
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Appendix 3.4: Response Sheet 
 
                                   
Confidential 
 
 
Response sheet                                                                                        
      
                                                                                      
 
Developing an Assessment Strategy for Children Diagnosed With 
Hypermobility Syndrome (HMS) 
 
Yes, I am happy for Francis Fatoye to contact me about this project 
 
Name of parent/guardian (in block letters)………………………………...................... 
Address………………………………………………………………………….…..………
………………………………………………………………………………………….………
………………………………………………………………………………………….. 
Post 
code…………………………………………………………………………………....... 
Telephone number (Day) …………………… (Evening)………………………………. 
Best time to call………………………………………………………………………………. 
Email 
(optional)……………………………………………………………………………….. 
Child’s name………………………………………………………………………………….. 
Child’s age 
………………………………………………………………………………......... 
Parent/guardian’s signature ……………………………… Date 
…………………………. 
 
 
Please return this response sheet and the signed consent forms in the pre-
paid envelope provided 
Contact details 
Phone: 0131 317 3665 
Email: ffatoye@qmuc.ac.uk 
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Appendix 3.5: Information sheet for Healthy Children 
                                                                                                                 
 
                                                                                   
 
Information Sheet for Healthy Children 
 
 
Study Title 
 
“Developing an Assessment Strategy for Children Diagnosed with 
Hypermobility Syndrome (HMS)” 
 
Thank you for your interest in this research study. Before you decide if you would 
like your child to take part it is important for you to understand why the research is 
being conducted and what it will involve. Please take time to read the following 
carefully and discuss with others if you wish. If there is anything that is not clear or 
you would like more information please contact me at the number below.  
 
What is the purpose of the study? 
Joint laxity is an increase in joint range of motion beyond that which is considered 
normal. Hypermobility syndrome (HMS) is a generalised joint laxity with associated 
musculoskeletal (muscles and bones) complaints in otherwise normal subjects. 
Children with HMS are often not diagnosed and they do not receive appropriate 
treatment for their condition, because there is no scientific and comprehensive 
method of assessing the symptoms associated with their condition. The relationship 
between generalised joint laxity and neuromusculoskeletal (nerves, muscles and 
bones) complaints in children is not understood. There is limited published data on 
the range of neuromusculoskeletal (nerves, muscles and bones) complaints and the 
level of quality of life in healthy children and children with HMS. The relationships 
between symptoms and their implications for functional ability and quality of life are 
also currently unknown in children with HMS. The purpose of this study is to 
understand the level of impairments and quality of life associated with HMS by 
developing a scientific and comprehensive assessment strategy of 
neuromusculoskeletal (nerves, muscles and bones) impairments and quality of life 
for children diagnosed with HMS, that can be used for assessment and planning of 
an intervention strategy. 
 
Why has your child been chosen? 
Your child has been chosen because he/she is healthy and he/she is within the ages 
of 8-15 years. We need to determine the normal functions of the nerves, muscles 
and bones and the level of quality of life in healthy Scottish children. Comparison of 
the problems in children diagnosed with HMS with the data for healthy children will 
allow us to establish the severity of their condition. Parents of 25 healthy children in 
the city of Edinburgh are being approached to allow their children to participate in 
this study. 
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Do I have to allow my child to take part? 
It is up to you to decide whether or not to allow your child to take part. You do not 
need to give a reason if you decide not to allow your child to take part in the study. If 
you decide to allow your child to take part you will be given this information sheet to 
keep and will be asked to sign a consent form. If you decide to allow your child to 
take part you are free to withdraw your child from the study at any time without 
giving a reason. 
 
 
What will happen to my child if I allow him/her to take part? 
Your child will report once to the QMUC human performance laboratory, 89 Duke 
Street, Leith in gym shorts and t-shirt. A brief explanation of the procedure will be 
given to the child and his/her weight and height will be recorded. He/she will 
undergo the following measurements: knee joint range of motion will be assessed 
using a device that measures joint angles, the average pain (if any) felt by your child 
over the last week will be assessed using a coloured scale like a ruler, knee joint 
position sense will be assessed using a device that moves the leg slowly and gently, 
muscle strength will be assessed with a small portable machine and the functional 
range of motion and walking pattern will be assessed using a camera system. 
Quality of life will be assessed with a questionnaire. Both knees will be tested twice. 
The whole procedure will take approximately 1 hour. 
 
What does my child have to do? 
The only thing your child has to do by taking part is to report to the human 
performance laboratory of the Queen Margaret University College Edinburgh, and 
undertake the procedures outlined above. There is no other requirement. 
 
What are the possible disadvantages and risks of my child taking part? 
There are no possible disadvantages of your child taking part in the study as it 
involves non-invasive, simple and safe clinical assessments, as would be completed 
during a routine physiotherapy assessment. However, there are minimal risks to 
your child in taking part in the study such as a possible fall or trip. Risk assessment 
of the human performance laboratory has been carried out to minimise these risks 
during your visit. Queen Margaret University College has a public liability insurance 
scheme for compensation as a result of harm caused due to negligence on the part 
of the researcher in connection with the above mentioned study. 
 
What are the possible benefits of my child taking part? 
The study will produce no direct benefit to your child. However, your child’s 
participation in this research will provide the opportunity for him/her to experience 
how his or her joints and muscles work, learn about joint position sense 
(proprioception) and to know about his or her quality of life. The information we will 
obtain from the study will help us to identify the symptoms associated with HMS in 
other children and to develop a scientific and comprehensive method of assessing 
children with HMS. 
 
Will my child’s taking part in this study be kept confidential? 
All information which is collected about your child will be kept strictly confidential. 
Any information about your child which leaves the premises will have your child’s 
name and address removed so that they cannot be recognised or identified. 
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What will happen to the results of the research study? 
The results of the research will be published some months after the study has been 
completed. The results will be published as research papers in scientific journals 
and will also be available as part of a research thesis at the Queen Margaret 
University College library. Your child will not be identified in any of the reports or 
medical publications and all data will only be kept until the study and all associated 
works are completed. 
 
Who is organising and funding the research? 
Francis Fatoye, a research student based at the Leith campus of the Queen 
Margaret University College in Edinburgh, is conducting this study. Queen Margaret 
University College funds the study as a PhD research degree. 
 
 
Thank you for taking the time to read this information sheet. If you or your 
child have any questions please do not hesitate to contact Francis Fatoye 
during office hours.                                                                                    
 
 INDEPENDENT CONTACT 
Mr Francis Fatoye MSc MCSP                Dr Fiona Macmillan PhD MCSP       
PhD Student                                             Head of Physiotherapy 
Physiotherapy Subject Area                   Queen Margaret University College 
Queen Margaret University College       89 Duke Street 
89 Duke Street                                          Edinburgh 
Edinburgh                                                  EH6 8HF 
EH6 8HF                                                     0131 317 3640 
Tel: 013 1317 3665                                    E-mail: fmacmillan@qmuc.ac.uk 
E-mail: ffatoye@qmuc.ac.uk    
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Appendix 3.6: Parental Consent Form (Healthy Children) 
                                            
                                                                                                                                                          
Subject’s Identification Number:        
 
 
PARENTAL CONSENT FORM 
 
Title of Project: 
Developing an Assessment Strategy for Children Diagnosed with 
Hypermobility Syndrome (HMS) 
 
Name of Researcher: Francis Fatoye                                            Please initial box   
 
I confirm that I have read and understand the information sheet for the above study 
and have had the opportunity to ask questions. 
 
I understand that my child’s participation is voluntary and that I am free to withdraw  
my child at any time, without giving any reason, without his/her legal rights being 
affected. 
 
I agree for my child (…………………………………….) to participate in the above 
study 
 
 
Name of Child’s parent/guardian                           Signature                 Date                                   
in capital letters                                                      
 
   
Name of person taking consent                              Signature                Date                                   
(if different from researcher) 
 
 
Researcher                                                            Signature                Date                                    
 
 
 
1 for parent/guardian and 1 for researcher 
 
 
 
 
 
 
 
 349 
 
Appendix 3.7: Participants Consent form (Healthy Children) 
 
 
                                                                                                                                                         
Subject’s Identification Number:   
                                                             
 
PARTICIPANT CONSENT FORM  
 
Title of Project: 
Developing an Assessment Strategy for Children Diagnosed with 
Hypermobility Syndrome (HMS) 
 
Name of Researcher: Francis Fatoye                                                Please initial 
box   
I have read the information sheet/I have had the information sheet read  
to me (delete as appropriate) and have had the opportunity to ask questions. 
 
I understand that my participation is voluntary and that I know that I am free  
to stop taking part in this study at anytime without giving any reason, without 
my legal rights being affected. 
 
I agree to participate in the above study 
 
 
Child’s name in capital letters                              Signature                                 Date                    
 
 
Name of person taking consent                            Signature                                 Date                    
(if different from researcher)      
 
 
Researcher                                                          Signature                                  Date                    
 
 
1 for subject and 1 for researcher 
 
 
 
 
 
 
            
 
 
 350 
 
Appendix 3.8: Ethical Approval (Queen Margaret University, Edinburgh) 
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Appendix 3.9: Ethical Permission from Edinburgh City Council 
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Appendix 3.10: Letter of Invitation to the Participants (HMS Children) 
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Appendix 3.11: Participant information sheet for children with HMS 
 
 
                                    
  Information Sheet for Children Diagnosed With Hypermobility Syndrome 
(HMS) 
 
Study Title 
 
“Developing an assessment strategy for children diagnosed with 
hypermobility syndrome (HMS)” 
 
Thank you for your interest in this study. Before you decide if you would like your 
child to take part it is important for you to understand why the research is being 
conducted and what it will involve. Please take time to read the following carefully 
and discuss with others if you wish. If there is anything that is not clear or you would 
like more information, please contact me at the number below. Take time to decide 
whether or not you would like your child to take part. 
 
Why has your child been chosen? 
Your child has been chosen because he/she has been diagnosed with HMS and 
he/she has had consultation at the Royal Hospital for Sick Children, Edinburgh, and 
he/she is within the ages of 8-15 years. We need to determine the level of the 
neuromusculoskeletal (nerves, muscles and bones) impairments and the level of the 
quality of life (QoL) in children diagnosed with HMS. Parents/guardians of 60 
children diagnosed with HMS referred to the Royal Hospital for Sick Children, 
Edinburgh are being approached to allow their children to participate in this study. 
 
What is the purpose of the study? 
Joint laxity is an increase in joint range of motion beyond that which is considered 
normal. Hypermobility syndrome (HMS) is a generalised joint laxity with associated 
musculoskeletal (muscles and bones) complaints in otherwise normal subjects. 
Children with hypermobility syndrome (HMS) are often not diagnosed and may not 
receive appropriate treatment for their condition, because there is no scientific and 
comprehensive method of assessing the symptoms associated with their condition. 
The relationship between generalised joint laxity and neuromusculoskeletal (nerves, 
muscles and bones) complaints in children is not well understood. There is no 
published data on the range of neuromusculoskeletal (nerves, muscles and bones) 
QoL indices in children diagnosed with HMS. The relationships between symptoms 
and their implications for physical function and QoL are also currently unknown in 
children with HMS. The purpose of this study is to identify the level of impairments 
and the QoL associated with HMS by developing a comprehensive assessment 
strategy that can be used for assessment and planning of treatment. 
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Do I have to allow my child to take part? 
It is up to you to decide whether or not to allow your child to take part. You do not 
need to give a reason if you decide not to allow your child to take part in the study. If 
you decide to allow your child to take part you will be given this information sheet to 
keep and will be asked to sign a consent form. You will also be given a copy of the 
consent form to keep. If you decide to allow your child to take part you are free to 
withdraw your child from the study at any time without giving a reason. 
 
 
What will happen to my child if I allow him/her to take part? 
Your child will report once to the QMUC human performance laboratory at Leith 
campus in gym short and t-shirts. A brief explanation of the procedure will be given 
to your child and he/she will be asked to sign a consent form. His/her weight and 
height will be recorded. He/she will undergo the following measurements: knee joint 
range of motion using a small circular device that measures joint angles, the 
average knee joint pain felt by your child over the last week will be assessed using a 
coloured scale that is like a ruler with a slide marker across it and corresponding 
numerical values. Your child will be instructed to slide the marker up the scale to 
show me how much his/her pain hurts within the last week. Knee joint position 
sense will be assessed using a device that moves the leg slowly and gently, muscle 
strength will be assessed using a small portable machine that measures the amount 
of force generated by a muscle or a group of muscles and functional range of motion 
will be assessed using a camera system whilst he/she walks. Quality of life will be 
assessed with a questionnaire. Both knees will be tested. The whole procedure will 
take approximately 1 hour. 
 
What does my child have to do? 
The only thing your child has to do by taking part is to report to the human 
performance laboratory of the Queen Margaret University College Edinburgh, and 
undertake the procedures outlined above. 
 
What are the possible disadvantages and risks of my child taking part? 
There are no possible disadvantages of your child taking part in the study as it 
involves non-invasive, simple and safe clinical assessments. However, there are 
minimal risks to your child in taking part in this study such as a possible fall or trip. 
Risk assessment of the human performance laboratory has been carried out to 
minimise these risks during your visit. However, appropriate liability insurance is in 
place in connection with the above mentioned study. 
 
What are the possible benefits of my child taking part? 
The study is not a therapeutic research project and will produce no direct benefit to 
your child. However, your child’s participation in this research will provide the 
opportunity for me to identify and understand the level of the symptoms associated 
his/her condition (HMS). It is intended that this information will be used to develop a 
scientific and holistic method of assessing your child and other children with HMS, 
which can be used clinically to plan, and evaluate the effectiveness of any 
therapeutic strategy developed for children with HMS. 
 
What if something goes wrong? 
Your child is being asked to take part in non-invasive clinical assessments and it is 
unlikely that anything will go wrong. However, appropriate liability insurance is in 
place in connection with the above mentioned study. 
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Will my child’s taking part in this study be kept confidential? 
All information which is collected about your child will be kept strictly confidential. 
Any information about your child which leaves the premises (QMUC) will have your 
child’s name and address removed so that you cannot recognise the child from it. 
 
What will happen to the results of the research study? 
The results of the research will be published some months after the study has been 
completed. The results will be published as research papers in medical journals and 
will also be available as part of research thesis at the Queen Margaret University 
College library. Your child will not be identified in any of the reports or medical 
publications and all data will only be kept until the study and all associated works 
are completed. 
 
Who is organising and funding the research? 
Francis Fatoye, a research student based at the Leith campus of the Queen 
Margaret University College in Edinburgh, is conducting this study. Queen Margaret 
University College funds the study as a PhD research degree. 
 
Thank you for taking the time to read this information sheet. If you or your 
child have any questions please do not hesitate to contact Francis Fatoye 
during office hours.    
                                                                    
                                                                INDEPENDENT CONTACT 
Francis Fatoye MSc MCSP                     Dr Fiona Macmillan PhD MCSP  
Research Student                                   Head of Physiotherapy 
Physiotherapy Subject Area                    Queen Margaret University College 
Queen Margaret University College        89 Duke Street 
89 Duke Street, Edinburgh                      Edinburgh 
EH6 8HF                                                  EH6 8HF 
Tel: 0131 317 3665                                  0131 317 3640 
E-mail: ffatoye@qmuc.ac.uk                    E-mail: fmacmillan@qmuc.ac.uk 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 356 
 
 
Appendix 3.12: Parental Consent form for Children with HMS 
 
 
 
 
Patient’s Identification Number: 
 
PARENTAL CONSENT FORM (HMS CHILDREN) 
 
Title of Project: 
 
Developing an Assessment Strategy for Children Diagnosed with 
Hypermobility Syndrome (HMS) 
 
Name of Researcher: Francis Fatoye                                              Please initial box 
                                                    
I confirm that I have read and understand the information sheet for the above study 
and have had the opportunity to ask questions. 
 
I understand that my child’s participation is voluntary and that I am free to withdraw 
my child at any time, without giving any reason and without his/her legal rights being 
affected. 
 
I understand that sections of my child’s medical notes may be looked at by 
responsible individual (Francis Fatoye). I give permission for these individuals 
to have access to my child’s records. 
 
I agree for my child (……………………………….) to participate in the above study 
 
 
Name of Child’s Parent/guardian                        Signature                    Date                                   
in capital letters                                                   
 
 
Name of person taking consent                          Signature                     Date                                  
(if different from researcher) 
 
 
Name of Researcher                                           Signature                     Date                                  
 
1 for parent/guardian and 1 for researcher 
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Appendix 3.13: Participants Consent form for Children with HMS 
 
 
                                                                                    
 
Patient’s identification Number: 
 
Participant Consent Form (HMS Children) 
 
Title of Project: 
 
“Developing an Assessment Strategy for Children Diagnosed with 
Hypermobility Syndrome (HMS)” 
 
Name of Researcher:  Francis Fatoye                                                                                              
                                                                                                           Please initial box 
I have read the information sheet/I have had the information  
sheet read to me (delete as appropriate) and have had the  
opportunity to ask questions 
 
I know that I am free to stop taking part in this study at anytime 
without giving any reason and without my future care or  
treatment being affected. 
 
I agree to take part in this study 
 
 
                                                   
Child’s name in capital letters                      Signature                    Date 
 
                                                       
Name of person taking consent                    Signature                   Date 
(if different from researcher) 
 
                          
Name of researcher                                       Signature                   Date 
 
 
1 for subject and 1 for research 
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Appendix 3.14: Ethical Permission (NHS Lothian Research Ethics Committees) 
 
 
 
 
  
 359 
 
 
 
 
 
 
  
 360 
 
 
 361 
 
Appendix 3.15: Shapiro-Wilk tests of normality for healthy children and 
those with HMS 
 
  Healthy HMS 
Pain 
 <0.001* 0.044* 
ROM Extension 
 <0.000* 0.210 
ROM Flexion 
 0.442 0.030* 
Kinaesthesia 
 <0.001* <0.001* 
JPS at 25 degrees 
 0.059 0.019* 
JPS at 10 degrees 
 <0.001* 0.344 
Knee Extension Mid Stance 0.859 0.577 
Loading Response 
 0.144 0.774 
Maximum Knee Flexion 
 0.052 0.085 
Extension muscle Torque 0.701 0.002* 
Flexion muscle Torque 
 0.844 <0.001* 
 
Keys:  *statistically significant at α<0.05 indicating non-normal distribution for the 
data.  
 
Bold face (α>0.05 = not statistically significant) indicating normal distribution for the 
data. 
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Appendix 4.1: Conference presentation. Physiotherapy Research Society, 
Scientific Conference, Nottingham, 18th April 2005. 
 
AN INVESTIGATION OF THE LEARNING EFFECT OF HEALTHY SUBJECTS 
DURING KNEE JOINT POSITION SENSE (JPS) ASSESSMENT USING A 
MOTORISED DEVICE 
 
F. Fatoye, S. Palmer, F. Macmillan, P. Rowe. Physiotherapy Subject Area, 
Queen Margaret University College, Edinburgh, UK. Email: 
ffatoye@qmuc.ac.uk 
 
         BACKGROUND: Motorised devices have previously been used to assess 
knee JPS (joint position sense) (Corrigan et al. 1992; Grob et al. 2002). It is 
unknown, however, whether individuals’ ability to accurately determine JPS changes 
over time. This study therefore aimed to investigate this issue. 
         METHODS: QMUC ethics committee approved the study. A convenient 
sample (5 adults and 5 children, age 7-31 years) participated following informed 
written consent (children’s parents also consented). Subjects sat on an adjustable 
plinth with their lower leg in a padded limb support attached to a purpose-built 
motorised device (knee 90° flexion). The leg was passively moved by the device at a 
constant angular velocity of 2.2°/s to one of two different angles (25° and 10° knee 
flexion - the first angle tested was randomly selected). Subjects were required to 
press a response button as soon as the target angle was sensed. Three practice 
trials, where the investigator stopped the device at the target angle, were performed 
with the subjects’ eyes open. Subjects then closed their eyes and performed five 
test trials, pressing the response button themselves. Once one angle was tested, 
the process was repeated using the remaining angle. The limb tested was selected 
randomly. The Absolute Angular Error (AAE) (difference between target and 
perceived angles) was calculated for each trial. 
         RESULTS: The mean (+SD) AAE changed from 5.7° (5.3) to 2.8° (5.2) and 
5.6° (2.7) to 1.4° (1.8) at target angles 25° and 10°, respectively. AAE also 
decreased across trials in both groups at each target angle. Friedman tests revealed 
significant differences between trials at each target angle (both p<0.001). Significant 
differences were also found at each target angle in children (both p<0.05) and adults 
(both p<0.01).  
         CONCLUSION: The results suggest a learning effect using a motorised device 
for assessing knee JPS in healthy subjects, and researchers need to be aware of 
this phenomenon. The values obtained will be used in future clinical studies.  
 
REFERENCES 
Corrigan, J. P., Cashman, W. F., Brady, M. P. (1992), Proprioception in the cruciate 
deficient knee. Journal of Bone and Joint Surgery (Br), 74B, (2): 247-250 
Grob, K.R., Kuster, M.S., Higgins, S.A., Llyod, D.G. Yata, H. (2002) Lack of 
correlation between different measurements of proprioception in the knee Journal of 
Bone and Joint Surgery (Br), 84B, (4): 614-618. 
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Appendix 4.2: Conference presentation, British Society for Rheumatology, 
Scottish Exhibition Conference Centre, Glasgow. Rheumatology (2006), vol 45, 
Supplementary 1, p i114 (Abstract). 
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         Appendix 4.3: Conference Presentation, Canadian Society for 
Biomechanics 
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Appendix 4.4: Conference presentation, American Society of Biomechanics 
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Appendix 4.5: Conference presentation. Proceedings of the International 
Biomechanics Conference, Salford, UK. 3 – 6 September 2007 
 
RELATIONSHIP BETWEEN KNEE KINAESTHESIA AND JOINT POSITION 
SENSE IN HEALTHY CHILDREN 
 
1Fatoye, F., 2Macmillan, F., 3Palmer, S., 4Rowe, P., 2van der Linden, M. and 
5Wilkinson, S. 
 
1Physiotherapy Department, Manchester Metropolitan University, Manchester, UK; 
2School of Health Sciences, Queen Margaret University, Edinburgh, UK; 3Faculty of 
Health & Social Care, University of the West of England, Bristol, UK; 
4Bioengineering Unit, University of Strathclyde, Glasgow, UK; 5Physiotherapy 
Department, Royal Hospital for Sick Children, Edinburgh, UK. 
Web: www.mmu.ac.uk, Email: f.fatoye@mmu.ac.uk 
 
INTRODUCTION 
Joint kinaesthesia (JK) and joint position sense (JPS) are two techniques commonly 
used for testing proprioception of the knee joint [1]. These two proprioceptive tests 
have been shown to elicit different responses in the same group of subjects [2]. 
Moreover, in adults, lack of correlation has been observed between the two tests [3]. 
It is currently unknown whether, in children, similar disparities are evident in the 
relationship between the two techniques. 
 
AIM 
The aim of this study was to investigate the relationship between JK and JPS in 
healthy children. 
 
METHODS 
A convenience sample of thirty-seven healthy children (mean age 11.5 + SD 2.6 
years) participated in this investigation. The study was approved by the City of 
Edinburgh Council Education Department and Queen Margaret University Ethics 
Committee. Subjects were recruited from local schools in Edinburgh through their 
head teachers. Informed written consent was obtained from the participants and 
their parents. The knee to be tested was selected using a computer-generated 
random allocation. JK was assessed at 600 of knee flexion and JPS was examined 
at both 250 and 100 of knee flexion using a motorised proprioception assessment 
device. During JK test, subject’s limb was moved at a constant angular velocity of 
0.380/s into extension after a random delay (between 5 to 15 seconds). During the 
JPS test the subject’s test limb was passively moved at a constant angular velocity 
of 2.20/s from the starting position (900 of knee flexion) to the two pre-determined 
target angles (250 and 100 knee flexion). JK was calculated as the threshold for 
passive movement (the angular displacement before the subject detected position 
change) while absolute angular error (AAE) was calculated as the difference 
between the target and perceived angles for the JPS tests. Spearman Rho 
Correlation analysis was used to determine the relationship between the measures 
of proprioception and between the JPS tests.  
 
RESULTS  
The findings of the Spearman Rho Correlation analysis are illustrated in Table 1. 
The study found a weak but statistically significant relationship between JK and JPS 
at 100. However, non-statistically significant weak correlation was found between JK 
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and the JPS test at 250. Similarly, a weak and non-statistically significant correlation 
was observed between the JPS tests at the two test angles. 
 
DISCUSSION  
The findings indicate no strong correlation between JK and JPS in healthy children. 
Given the results of the present investigation, the findings of one proprioceptive test 
in children cannot be substituted for the other. Clinicians are to be aware of this as 
the results of independent tests of either JK or JPS may not give a full appreciation 
of proprioceptive acuity in children. In addition the findings of knee JPS test at one 
test angle may not represent the overall proprioceptive acuity in children. Therefore, 
these findings provide justification for continual use of both tests for knee 
proprioception assessment as they may be assessing two different proprioceptive 
systems, both of which might be important for normal function. The results of the 
present study also suggest that knee JPS test should not be limited to only one test 
angle.  
 
CONCLUSION 
Our findings showed a weak but statistically significant correlation between JK and 
JPS tests at 100. A weak and non-statistically significant correlation was found 
between JK and JPS tests at 250. Similarly, a weak and non-statistically significant 
correlation was also observed between JPS test at these test angles. Future studies 
with larger sample size are required to authenticate the present findings. 
 
REFERENCES 
1. Corrigan JP, Cashman WF, Brady MP. Journal of Bone and Joint Surgery, 74B: 
2; 247–250, 1992.  
2. Friden T, Roberts D, Zatterstrom R. Journal of Orthopaedic Research, 15: 5; 637–
644, 1997. 
3. Grob KR, Kuster MS, Higgins SA. et al. Journal of Bone and Joint Surgery, 84B: 
4; 614 -618, 2002. 
 
 
Table 1: Spearman Correlation between proprioceptive measures 
Variables r values p values
JK  at 600 and JPS 250  0.150 0.374 
JK at 600 and JPS at 100 0.385 0.019* 
JPS at 250 and 100  -0.116 0.495 
r = Spearman correlation coefficient; *statistically significant at α<0.05; JK = joint 
kinaesthesia; JPS = joint position sense  
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Appendix 4.6: Conference presentation. Proceedings of the International 
Biomechanics Conference, Salford, UK. 3 – 6 September 2007 
 
KNEE JOINT KINEMATICS AND RANGE OF MOTION IN CHILDREN 
DIAGNOSED WITH HYPERMOBILITY SYNDROME 
 
1Fatoye, F., 2Palmer, S., 3Macmillan, F., 4Rowe, P. and 3van der Linden, M. 
 
1Physiotherapy Department, Manchester Metropolitan University, Manchester, UK; 
2School of Health Sciences, Queen Margaret University, Edinburgh, UK; 3Faculty of 
Health & Social Care, University of the West of England, Bristol, UK; 
4Bioengineering Unit, University of Strathclyde, Glasgow, UK.  
Web: www.mmu.ac.uk, Email: f.fatoye@mmu.ac.uk 
BACKGROUND 
Abnormal joint biomechanics may be a feature of hypermobility syndrome (HMS) [1] 
and gait abnormalities have been reported in children with this condition [2]. The 
knee joint is most frequently affected by the symptoms of HMS [3]. Gait assessment 
in children with neuromusculoskeletal disorders is becoming popular in clinical 
practice and research studies. A pilot study from our laboratory showed that girls 
with HMS walked with reduced knee flexion and increased knee extension 
compared with healthy girls. It is unknown if similar findings would be observed in a 
larger sample of both boys and girls with HMS. 
 
AIM 
The aim of this study was to evaluate knee joint kinematics and passive ROM 
(ROM) in children diagnosed with HMS and healthy controls. 
 
METHODS 
Twenty nine children diagnosed with HMS (21 girls and 8 boys, mean age + SD = 
11.9 + 1.8 years, range 8-15 years) and 37 healthy children (17 girls and 20 boys, 
mean age + SD = 11.5 + 2.6 years, range 8-15 years) participated in this study. The 
study was approved by the Education Department, City of Edinburgh Council, the 
Queen Margaret University and NHS Lothian Local Research Ethics Committees. 
Informed written consent was obtained from the participants and their parents. A 
diagnosis of HMS was established using a Beighton score [4] of >6 in the presence 
of multiple joint pain (presently or historically). The knee to be tested was selected 
using a computer-generated random allocation in healthy children, while the more 
painful knee was examined in children with HMS. Sagittal knee motion and gait 
speed were evaluated using a VICON camera system (Oxford Metrics, England). 
Each subject walked 6 times barefoot on a 7m walkway. Passive knee ROM (flexion 
and extension) was measured with a universal goniometer (Jamar, USA). 
Independent t-tests were used to compare the values of sagittal knee motion and 
gait speed between the two groups. Mann-Whitney U tests were performed to 
compare passive knee ROM (flexion and extension) between the two groups. 
 
RESULTS 
Table 1 shows the results of knee joint angles, gait speed and passive ROM in 
children with HMS and the controls. The mean waveforms of knee angles in the 
sagittal plane during walking in the two groups are illustrated in figure 1. From Table 
1, it can be seen that knee flexion during loading response (KFLR) and maximum 
knee flexion (MKF) during walking were significantly higher in healthy children than 
those with HMS. Knee extension in mid stance (KEMS) during walking was 
significantly higher in children with HMS than the controls. Passive ROM (extension 
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and flexion) was statistically higher in children with HMS than the controls. However, 
gait speed was not statistically different between the two groups. 
 
DISCUSSION 
The results of the present study showed that children with HMS walked with reduced 
KFLR and MKF and increased KEMS when compared with healthy children. 
Additionally, they had higher values of passive knee ROM than healthy children. It is 
likely that that reduced knee flexion and increased knee extension during walking 
were caused by impaired knee joint proprioception, muscle weakness (quadriceps 
and hamstrings) and knee joint laxity that have previously been observed in 
individuals with HMS. These findings suggest that gait assessment might form an 
important component of clinical examination for children diagnosed with HMS. A 
programme of gait re-education and joint stability exercises may be of value to 
children with HMS. 
 
CONCLUSION 
Reduced knee flexion and increased knee extension were observed during walking 
in children with HMS compared with healthy controls. Children with HMS also had 
significantly higher passive ROM than healthy children. Gait speed was not 
statistically different between the two groups. 
 
REFERENCES 
1. Grahame R, Joint Bone Spine, 67: 3; 157-163, 1990. 
2. Adib N, Davies K, Grahame R. et al. Rheumatology, 44: 6; 744-750, 2005.  
3. Kerr A, Macmillan CE, Uttley WS et al. Physiotherapy, 86: 6; 313-317, 2000. 
4. Beighton P, Solomon L, Soskolne CL. Annals of Rheumatic Diseases, 32: 5; 413–
418, 1973. 
 
 
Table 1: The mean (SD) for sagittal knee motion, gait speed and passive knee 
flexion.  
 
              
Group 
Sagittal knee motion (0) 
KEMS         KFLR               
MKF 
Gait 
Speed 
(m/s) 
    Passive Knee ROM (0)     
Extension                
Flexion 
Healthy  4.2 (6.0) 20.0 
(6.1) 
60.4 
(6.6) 
1.2 (0.4) -4.0 (1.5)** 143.0 (4.5) 
** 
HMS   -1.0 
(3.5) 
12.6 
(4.7) 
53.5 
(4.6) 
1.2 (0.1) -13.0 (3.0)** 155.0 (5.5) 
** 
P 
values 
<0.001* <0.001* < 0.001* 0.496 <0.001* < 0.001* 
The Median (IQR) for passive knee extension. *statistically significant at α<0.05. 
**Values are in median (IQR) and were analysed using Mann-Whitney U test. KEMS 
= knee extension in mid stance, KFLR = Knee flexion during loading response, MKF 
= Maximum knee flexion during swing phase.  
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Figure 1: Sagittal knee motion during gait in healthy children and those with HMS. 
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Abstract 
 
Background: Impairment of joint proprioception in patients with hypermobility 
syndrome (HMS) has been well documented. Both joint proprioception and muscle 
torque are commonly assessed in patients with musculoskeletal complaints. It is 
unknown however, if these measures change significantly on repeated application in 
healthy children and children with HMS.  
Aim:  To investigate the between-days repeatability of joint proprioception and 
muscle torque in these groups.  
Methods: Twenty children (ten healthy and ten with HMS) aged 8-15 years were 
assessed on two separate occasions (one week apart) for joint kinaesthesia (JK), 
joint position sense (JPS), and the extensor and knee flexor muscle torque of the 
knee. JK was measured using threshold to detection of passive movement. JPS was 
measured using the absolute Angular Error (AAE) (absolute difference between the 
target and perceived angles). Knee extensor and flexor muscle torque was 
normalised to body weight.  
Results: Intra-class correlation coefficients (ICC) for JK, extensor and flexor muscle 
torque were excellent in both groups (range 0.83 to 0.98). However, ICC values for 
JPS tests were poor to moderate in the two groups (range 0.18 to 0.56). 95% limits 
of agreement (LOA) were narrow in both cohorts for JK and muscle torque 
(indicating low systematic error) but wide for the JPS tests. 95% LOA also 
demonstrated that the measuring instruments used in this study had low between-
days systematic error. 
Conclusions: Based on ICC and 95% LOA, the repeatability of JK and muscle 
torque measurements was excellent in both healthy children and those with HMS. 
JPS test can only be assessed with poor to moderate repeatability. The use of JPS 
test in these children should be undertaken with caution. 
 
Key words: Joint kinaesthesia, Joint position sense, Muscle torque, Repeatability. 
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Introduction 
 
Hypermobility syndrome (HMS) is characterised by generalised joint laxity and 
musculoskeletal pains in the absence of systemic inflammatory joint disease such 
as rheumatoid arthritis (Ferrell et al., 2004). Impaired joint proprioception at the knee 
joint has been demonstrated in adults with HMS (Hall et al., 1994). Unpublished 
data from our laboratory revealed knee joint kinaesthesia (JK), joint position sense 
(JPS) and knee extensor muscle torque deficits in children with this condition. Early 
identification of neuromuscular impairments in rheumatologic patients helps in the 
diagnosis and establishment of appropriate treatment protocols for their conditions. 
However, a lack of recognisable signs makes HMS difficult to identify and manage 
(Ferrell et al., 2004). Children with HMS may therefore be missed during clinical 
assessment and may not therefore receive appropriate treatment interventions for 
their condition.  
 
Impaired joint proprioception is the first neurophysiological dysfunction reported in 
individuals with HMS (Hall et al., 1995; Mallik et al., 1994) and has been examined 
using motorised devices (Hall et al., 1994; Ferrell et al., 2004). Such devices have 
also been used for evaluating knee joint proprioception in other clinical conditions in 
both children (Barrack et al., 1983b) and adults (Barrett et al., 1991; Corrigan et al., 
1992; Grob et al., 2002). Similarly, the use of digital myometers for assessing 
muscle torque in children is becoming popular (Seniorou et al., 2002; van der Linden 
et al., 2004). It is a common practice for knee joint proprioception and muscle torque 
to be assessed together during a single session in healthy adults (Hurley et al., 
1998; Rozzi et al., 1999; Ageberg et al., 2005) and those with HMS (Ferrell et al., 
2004). However, the repeatability of knee joint proprioception and muscle torque 
assessment has not been reported in children due to a lack of previous investigative 
study. 
 
There are two methods of testing joint proprioception. Firstly, joint kinaesthesia (JK) 
which consists of determining the threshold for perception of movement when the 
knee joint angle is altered slowly (less than half a degree per second) (Corrigan et 
al., 1992). The second method is joint position sense (JPS) and it examines the 
ability of a subject to reproduce an angle to which the knee joint has previously been 
positioned (Corrigan et al., 1992). Accurate assessment of these outcome measures 
would aid proper diagnosis of proprioceptive deficit in children with HMS. It would 
also enable the clinician to objectively determine progress and to modify any 
treatment plans accordingly (Thibault et al., 1994).   
 
Studies that have investigated test-retest repeatability of knee JK and JPS have 
focused on adults (Barrett., 1991; Beynnon et al., 2000; Yan and Hui-Chan, 2000; 
Cross et al., 2005). An excellent repeatability of knee JPS has been demonstrated in 
healthy adults (Barrett, 1991; Yan and Hui-Chan, 2000). In addition, knee JK has 
been reported to be even more repeatable than JPS (Beynnon et al., 2000; Cross et 
al., 2005). However, to date no studies have examined the repeatability of knee JK 
and JPS in children. Seniorou et al., (2002) examined the test-retest repeatability of 
knee extensor and flexor muscle torque in healthy children and those with cerebral 
palsy, finding excellent repeatability in healthy children. In addition, excellent test-
retest repeatability of knee extensor but low repeatability of knee flexor testing was 
demonstrated in children with cerebral palsy (Seniorou et al., 2002). However, no 
studies were found reporting the repeatability of muscle torque assessment in 
children with HMS.  
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The aim of this study was therefore to investigate the test-retest repeatability (one-
week apart) of knee JPS, JK, and flexor and extensor muscle torque in healthy 
children and children diagnosed with HMS.  
 
Methods 
Subjects 
Twenty children (10 healthy and 10 diagnosed with HMS) participated in this study. 
Mean age + standard deviation (SD) of the healthy controls (5 boys and 5 girls) and 
HMS group (2 boys and 8 girls) was 9.9 + 2.1 years (range 8-15 years) and 11.8 + 
1.3 years (range 9-13 years) respectively. No subjects enrolled in the study had a 
history of trauma to either knee joint and vestibular system disorders. The study was 
approved by the City of Edinburgh Council Education Department, Queen Margaret 
University College Ethics Committee and National Health Service Lothian Local 
Research Ethics Committee. Healthy children were recruited from local schools in 
Edinburgh through their head teachers. Children with HMS that have attended the 
Rheumatology department of the Royal Hospital for Sick Children in Edinburgh were 
identified using the medical record system and approached for participation in the 
study. A diagnosis of HMS was confirmed by the first author using a Beighton score 
(Beighton et al., 1973) of >6 in the presence of multiple joint pain (presently or 
historically). Both parents and children gave written consent before participation in 
the study.  
 
Testing Procedure 
To evaluate the test-retest repeatability of knee Joint Kinaesthesia (JK), Joint 
Position Sense (JPS), and muscle torque, each subject was tested on two 
separated occasions, 1 week apart. One week was chosen to minimise the possible 
learning effects on the part of the participants as unpublished work from our 
laboratory has shown within-session learning effects for JPS measurements in 
healthy children. This time interval was also found to be convenient for participants 
and their parents. Following a brief explanation of the procedure by the investigator, 
each subject’s height and body mass were recorded. The test knee (i.e. left or right) 
of healthy subjects was determined in a randomised order using computer 
randomisation. However, the most painful knee of the children with HMS was tested. 
Data collection was carried out on knee JK, JPS, flexor and extensor muscle torque. 
To facilitate the practicalities of testing set up, the order of testing was not 
randomised. Testing sessions took place in the Human Motion Analysis Laboratory 
at QMUC Edinburgh. 
 
Joint Proprioception Assessment 
Proprioception tests were carried out with a purpose-built motorised proprioception 
measuring device (Figure 1), with methods similar to those described by Barrack et 
al., (1983a), Corrigan et al., (1992) and Grob et al., (2002). The device was made up 
of a slow-speed motor mounted on a drive shaft, a motor control with a patient’s 
on/off switch, an inextensible belt and a pulley attached to a the drive shaft. The 
inextensible belt was connected to a limb support attached to a frame that was 
made of a piece of aluminium rod and a protractor from which the angular 
displacement could be read (Figure 1). Our unpublished results demonstrated an 
excellent criterion-related validity (intra class correlation coefficient = 1.00) of lower 
leg displacement measured by this device in both healthy children and adults. 
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Joint Kinaesthesia (JK) 
JK was assessed using threshold to detection of passive movement with subjects in 
high sitting on an adjustable plinth with the back supported and reclined to 600 to 
encourage relaxation. Subjects sat with their legs hanging freely over the edge of 
the plinth 4-6cm proximal to the popliteal fossa (Tsang and Hui-Chan, 2003) such 
that the knee joint was not in contact with the plinth. This ensured that subjects’ 
cutaneous sensation was minimised such that only the sensory receptors emanating 
from the test joint were being tested. The test limb was positioned such that the 
rotation axis of the driving shaft of the device was in line with that of the subject’s 
test knee joint (lateral femoral condyle) and the lower leg was placed in a padded 
limb support (Figure 1). The starting position of the test knee was maintained at 600 
of knee flexion (Grob et al., 2002) and the hips were kept at 600. The lower leg of 
the test limb was strapped to the padded limb support using Velcro straps (Figure 
2). 
 
The subject’s limb was then moved into extension after a random delay which varied 
between 5 to 15 seconds (Friden et al., 1997; Ageberg et al., 2005) at a constant 
angular velocity of 0.380/s. Subjects were asked to relax and to note a clear 
sensation of movement or change in position of their test lower limb. Three practice 
trials were administered where the examiner was responsible for pressing a 
response button immediately the test limb started moving.  
 
Thereafter, each subject was given the button and was instructed to press it once 
he/she detected position change in the test limb. Three trials were then performed 
by each subject. The second test trial was used as unpublished findings from our 
laboratory revealed that learning effects occurred during JPS tests. This 
phenomenon stopped after the second trial. Additionally, to standardise the protocol 
of assessing both JK and JPS, the same number of practice and test trials were 
administered for both JK and JPS tests. Visual and auditory sensory inputs were 
eliminated during the trials by means of blindfold and earmuffs respectively (Skinner 
et al., 1986; MacDonald et al., 1996). The angular displacement of the knee joint 
(before the subject detected position change) for the second trial was recorded in 
degrees as the threshold response for the subject.  
 
Knee Joint Position Sense (JPS) 
JPS testing can be performed under either weight-bearing or non weight-bearing 
conditions. The former condition has the advantage of providing proprioceptive data 
under a more functional condition (Bullock-Saxton et al., 2001) that is clinically 
relevant, but it involves both motor and sensory receptors (Barrett et al., 1991). To 
minimise the possible motor involvement and its contribution to JPS in the weight-
bearing method, passive JPS tests were used for this study. This ensured that 
proprioceptive input emanated from the test joint and not from the muscles acting on 
the knee joint. The experimental set up and subjects’ position was identical to that of 
JK above (Figure 2), except that the starting position of the test knee was 900 flexion 
(Grob et al.., 2002).  
 
The motorised device passively moved the subject’s test limb from the starting 
position (900 of knee flexion) to two pre-determined target angles (250 and 100 knee 
flexion), at an angular velocity of 2.20/s. Three practice followed by three test trails 
were administered for both test angles. To enable the subject to remember the 
target positions, the test limb was held in these angles for approximately 10 seconds 
(Callaghan et al., 2002) during the practice trials. Subjects were asked to 
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concentrate on the position. The leg was then returned to the starting position using 
the motor, where it was left for 15 seconds (Corrigan et al., 1992).  
 
Each subject was instructed to relax during the testing and was told to press the 
response button when he/she thought that the limb had reached the target position 
previously demonstrated. The absolute angular error (AAE) (the absolute difference 
between target and perceived angle at each test angle was calculated). 
 
Muscle Torque 
Knee extensor and flexor muscle torque was quantified using a digital myometer 
(MIE, Medical Research Ltd, England). Subjects sat on a plinth with their back 
supported and reclined to 600 and the test knee flexed to 900 (Figure 3). A non-
extensible myometer strap was strapped around the lower leg 5cm proximal to the 
base of the malleoli of the subjects’ test limb and the other end was attached to one 
side of the transducer body of the myometer. Another non-extensible strap was 
attached to the frame of the plinth (underneath the subject) and to the other side of 
the myometer transducer and with the straps perpendicular to the limit. Extensor 
muscle torque was measured first by instructing the subjects to straighten their 
knees from the starting position (Clarkson, 2000). Flexor muscle torque was then 
assessed with the subjects in the same position and the same experimental set up 
and procedure except that the myometer strap was attached to an a fixed plinth 
positioned in front of the subject and they were instructed to bend the test knee as 
much as possible. Subjects were given consistent verbal instruction and 
encouragement. The maximum contraction produced once by the extensors and 
flexors displayed as force on the myometer was recorded in Newtons (N). Knee 
extensor and flexor muscle torque was calculated in Newton meters (Nm) for each 
subject as the product of force and the perpendicular distance between the lateral 
femoral condyle and the myometer strap measured using a tape measure. Muscle 
torque was then normalised to body mass (Nm/kg). 
 
Data Analysis: 
Two measurements of repeatability were calculated - Intra class correlation 
coefficient (ICC 1, 1) and Bland and Altman limits of agreement (Rankin and Stoke, 
1998). Bland and Altman plots were generated to show the relationship between the 
differences in the first and the second measurements and their mean with 95% limits 
of agreement (mean difference between the two measurements + 2 standard 
deviations) (Bland and Altman, 1986).  
 
Results 
Tables 1 (healthy children) and 2 (HMS children) present the mean and standard 
deviations (SD) attained in sessions 1 and 2. The intra class correlation coefficient 
(ICC), mean differences and 95% limits of agreement (LOA) values of all 
measurements in healthy children and those with HMS are also displayed in these 
tables. Figures 4 and 5 show the Bland and Altman plots for the HMS group. 
 
The ICC values for joint kinaesthesia (JK) and muscle torque in healthy controls and 
the HMS group were high (0.83 - 0.97) indicating excellent repeatability. However, 
the ICC values for joint position sense (JPS) measurements ranged from poor to 
moderate in both groups (0.18 – 0.56). There were small mean differences in JK 
and JPS (range = -0.110 to 1.90), and knee extensor and flexor torque (range = -0.02 
to 0.03Nm/kg) in both healthy children and the HMS group.                          
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Figure 4a, b and c illustrate the Bland and Altman plots for JK and JPS at 250 and 
100 of knee flexion for the HMS group. From the figure, it can be seen that all 
measurements but one were within 95% LOA for the three proprioceptive outcome 
measures.  
 
95% LOA revealed an excellent agreement of (1.240 to 1.040) for knee JK in healthy 
children and in children with HMS (-1.820 to 2.420). However, a poor agreement was 
recorded for JPS at 250 (-3.43 to 6.230) and at 100 (-4.27 to 7.070) of knee flexion 
respectively in healthy children. Similarly, a poor agreement was also observed for 
JPS at 250 (-10.760 to 10.160) and at 100 (-5.96 to 9.760) in the HMS group. It was 
noticed that JK and JPS at both 250 and 100 were higher in the HMS group than the 
healthy cohort. JPS also decreased during the second measurement sessions in 
both groups. 
 
Figure 5a and b demonstrate the Bland and Altman plots for the knee extensors and 
flexors muscle torque in the HMS cohort. 95% LOA displayed in Tables 1 and 2 
demonstrate an excellent agreement between the two measurement sessions in 
healthy children for the extensor (-0.12 to 0.07 Nm/kg) and knee flexor muscle 
torque (-0.13 to 0.10 Nm/kg). The agreement in the HMS group ranged from 0.30 to 
0.37 and -0.07 to 0.08 Nm/kg for knee extensors and flexors respectively. The small 
ranges in LOA recorded in the two groups indicate excellent repeatability in knee 
muscle torque testing in the two cohorts. Both extensor and flexor muscle torque 
values were higher in the control group than the HMS cohort.        
                                  
Extensor muscle torque was higher than flexor muscle torque in both groups. 
Analysis of the combined data (healthy and HMS cohorts) for the two JPS tests 
revealed that the ICC values for the combined group increased (ICC range = 0.26 to 
0.58) for both JPS tests. However, this increase did not reach the acceptable ICC 
value of 0.80 indicating poor repeatability of JPS measures. A paired t-test revealed 
no significant differences (p values range = 0.100 to 0.860) between repeated 
measurements of JPS at both target angles in the each group indicating that no 
detectable learning effect occurred between the measurements (one week apart). 
 
Discussion 
This study investigated the test-retest repeatability of knee joint proprioception and 
muscle torque assessments in healthy children and those with HMS. Our findings 
demonstrated that knee joint kinaesthesia (JK) and muscle torque could be 
measured with high repeatability in healthy children and those with HMS while joint 
position sense (JPS) tests can only be assessed with poor to moderate repeatability 
in these children. The investigation also showed that these measurement 
parameters have low between-days systematic differences. These findings suggest 
that, using these assessments, clinicians could reliably measure JK and muscle 
torque in children diagnosed with HMS. Such assessments could be used to identify 
impairments and changes over time, thereby influencing treatment plans for children 
with this condition. 
 
No previously published study has been found investigating knee JK and JPS in 
children. Therefore, the findings of this study were examined in relation to those 
reported in adults. Our results agree with the study of Beynnon et al., (2000) and 
Yan and Hui-Chan, (2000) who found excellent test-retest repeatability of knee JK in 
adults. In addition, the current study demonstrated that JK measurements were 
more repeatable than JPS tests, with only poor to moderate JPS repeatability in 
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both groups. These findings confirm the results reported by Beynnon et al., (2000) 
and Cross et al., (2005) for healthy adults.  
 
On the other hand, the low repeatability of JPS tests (ICC = 0.18-0.56) obtained in 
the present study contrasts with the results of Tsang and Hui-Chan (2003). They 
found between-days (1 week apart) repeatability of passive JPS to be excellent (ICC 
= 0.90) in eleven healthy elderly subjects (mean age + SD = 70.8 + 4.0 yrs). There 
are a few potential reasons for this discrepancy. In the study by Tsang and Hui-
Chan, (2003), subjects were tested in sitting with the knee at a starting angle of 300 
and target angle of 30 flexion. Whereas, in our study the starting knee angle was 900 
and the target angle were 250 and 100 flexion.  
 
 
It has been reported that joint mechanoreceptors are more sensitive near end range 
of knee extension (Lephart et al., 1992; Borsa et al., 1997). Since the target angle of 
the knee joint used in Tsang and Hui-Chan’s study was closer to the end range of 
knee extension than in the present investigation, it is possible that the knee joint 
mechanoreceptors in their subjects were somewhat more activated. Therefore, our 
results on JPS could have been due to the target angles of the knee joint. The low 
repeatability of JPS measurements in the present study could be due to the 
participants’ age. It has been found that proprioceptive acuity decreases with an 
increase in age in adults (Skinner et al., 1984; Hurley et al., 1998) but increases with 
advancing age in children (Visser and Geuze, 2001; Goble et al., 2005). Growth 
spurts in children are believed to be accompanied by stretching of the collagen 
(Bird, 2005) and this may therefore cause a temporary proprioception deficit in 
children compared with adults. Cutaneous input was eliminated by means of an air 
splint in the study by Tsang and Hui-Chan, (2003). However, cutaneous input was 
not eliminated in the present study by means of an air splint. It is believed that air 
splints, in addition to eliminating cutaneous sensation may stimulate articular 
mechanoreceptors (Stillman, 2000). Again, the findings of Tsang and Hui-chan, 
(2003) could be the result of the air splint used as this could also have enhanced the 
proprioceptive accuracy of their participants and may have resulted in the better 
test-retest repeatability reported in their study.  
 
Our findings on knee muscle torque confirm the findings of Seniorou et al., (2002) 
who observed an excellent test-retest repeatability of knee extensors in healthy 
children (ICC = 0.93) and children with cerebral palsy (ICC = 0.79) using a digital 
myometer. It is difficult to make detailed comparison between the results of the 
present study with that previous investigation due to differences in subjects’ 
characteristics. The combined data within the present study (healthy children and 
those with HMS) was analysed to examine if the low ICC values obtained for the 
JPS tests were due to the small range of the data in either group. The ICC value of 
the combined analysis did not reach the acceptable value of 0.80 confirming the 
poor to moderate repeatability of JPS tests observed in the two groups. It was 
anticipated that repeatability of knee joint proprioception and muscle torque 
assessment was going be poorer in children with HMS than the controls. However, 
our findings were similar in both groups. It has been reported that joint 
proprioception acuity (Goble et al., 2005) and muscle torque (Eek et al., 2006) 
improved with age in children. Therefore, the possible reason for this observation 
could be that the HMS group were a little older than the controls. This factor could 
have enhanced proprioceptive acuity and muscle performance in children with HMS. 
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The mean absolute angular error (AAE) for both JPS at 250 and 100 decreased 
during the second session in both healthy children (Tables 1) and those with HMS ( 
Table 2), suggesting that learning effects might have been a factor. These 
decreases were not statistically significant, however (paired t-test p range = 0.100 to 
0.860). The higher JK and JPS values obtained in children with HMS suggest 
impaired joint proprioception (Hall et al., 1995; Mallik et al., 1994). Similarly, the 
higher muscle torque recorded in the control group could signify muscle weakness 
in children with HMS. Such differences were not specifically investigated in the 
current study, and require statistical verification in future research with a larger 
sample size. Such an investigation is currently ongoing at this centre. 
 
There are some limitations to this study. First, only the knee joint was tested in the 
present study thereby limiting the generalisability of our findings to other joints. 
Secondly, the participants in the present study were healthy children and those with 
HMS. Therefore, the findings should be extrapolated to other groups with caution. 
Additionally, the limited number of participants in this study may have contributed to 
false negative findings (Type 2 errors) in relation to JPS. The findings do, however, 
provide important preliminary data on the test-retest repeatability of knee joint 
proprioception and muscle torque in children with HMS. 
 
In summary, this study showed that knee JK and muscle torque assessments are 
repeatable in both healthy children and children with HMS, while JPS tests can only 
be examined with poor to moderate repeatability. Therefore, on the basis of these 
findings, JPS tests in children should be used with caution.   
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Table 1: Results of between-days repeatability in healthy children: Mean (SD = 
standard deviation), ICC = Intraclass correlation coefficients. 
 
 
 
 
 
 
 Day 1 Day 2 ICC 
Mean 
Difference
95% Limits of 
Agreement 
JK (0) 
2.00 
(0.81) 
1.90 
(1.10) 0.83 -0.11 -1.24 to 1.04 
JPS at 25 (0) 
4.00 
(2.67) 
2.60 
(2.01) 0.39 1.40 -3.43 to 6.23 
JPS at 10 (0) 
2.80 
(3.25) 
1.40 
(1.07) 0.26 1.40 -4.27 to 7.07 
Muscle Torque 
Extensors 
(Nm/kg) 
1.37 
(0.24) 
1.39 
(0.25) 0.98 -0.02 -0.12 to 0.07 
Muscle Torque 
Flexors (Nm/kg) 
0.73 
(0.18) 
0.74 
(0.17) 0.95 -0.01 -0.13 to 0.10 
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Table 2: Results of between-days repeatability in children with HMS: Mean (SD= 
standard deviation), ICC = Intraclass correlation coefficients. 
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               Figure 4a: Kinaesthesia (JK) in the HMS Cohort (n = 10). 
 
 
 Day 1 Day 2 ICC 
Mean 
Difference
95% Limits of 
Agreement 
JK (0) 
3.00 
(2.16) 
2.70 
(1.57) 0.84 0.3 -1.82 to 2.42 
JPS at 25 (0) 
6.60 
(3.92) 
6.30 
(5.59) 0.56 0.3 -10.76 to 10.16 
JPS at 10 (0) 
4.90 
(3.67) 
3.00 
(2.63) 0.18 1.9 -5.96 to 9.76 
Muscle Torque 
Extensors 
(Nm/kg) 
1.30 
(0.33) 
1.27 
(0.27) 0.85 0.03 -0.30 to 0.37 
Muscle Torque 
Flexors (Nm/kg) 
0.67 
(0.17) 
0.67 
(0.14) 0.97 0.01 -0.07 to 0.08 
 386 
 
            
-15
-10
-5
0
5
10
15
1.5 5.5 9.5 13.5
Average of the two measurement sessions (0)
Di
ffe
re
nc
e 
be
tw
ee
n 
(1
st
 - 
2n
d)
 
m
ea
su
re
m
en
t s
es
si
on
s 
(0
)
Mean Difference Mean + 2SD Mean - 2SD
 
             Figure 4b: JPS at 25 degrees in the HMS group (n = 10). 
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             Figure 4c: JPS at 10 degrees in children with HMS (n = 10). 
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   Figure 5a: Knee extensor muscle torque in the HMS Cohort (n = 10). 
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      Figure 5b: Knee flexor muscle torque in the HMS group (n = 10). 
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Appendix 4.8: Conference paper accepted for the Annual Conference of the 
British Society for Rheumatology, Liverpool, UK. April 2008 
 
PAIN AND QUALITY OF LIFE PERCEPTION IN CHILDREN WITH 
HYPERMOBILITY SYNDROME 
 
1Fatoye, F., 2Palmer, S., 3Macmillan, F., 4Rowe, P. and 3van der Linden, M. 
1Professional Registration Department, Manchester Metropolitan University, Manchester, 
UK; 2School of Health & Social Care, University of the West of England, Bristol, UK; 3School 
of Health Sciences, Queen Margaret University, Edinburgh, UK; 4Bioengineering Unit, 
University of Strathclyde, Glasgow, UK. 
 
Background: Hypermobility syndrome (HMS) is a major source of morbidity in 
children. Due to pain, activities of daily living, physical and sports activities may be 
limited in children with HMS (Murray and Woo 2001). However, this has not been 
well documented. Ruperto et al. (2004) reported that functional ability and physical 
and psychosocial well-being of children with generalised joint laxity were not 
affected when compared with healthy controls. Their study was conducted on 
children with generalised joint laxity, however, and not those with HMS. Therefore, it 
is currently unclear whether quality of life (QoL) in children with HMS is affected. 
This study compared pain and QoL in children diagnosed with HMS with healthy 
controls. 
Methods: Sixty-six children (29 diagnosed with HMS and 37 healthy children) aged 
8-15 years participated in this study. Ethical approval was obtained for the study. 
Informed written consent was obtained from the participants and their 
parents/guardians. A diagnosis of HMS was established using the Beighton criteria 
(Beighton et al. 1973). The test knee was determined in healthy children using 
computer randomisation, while the more painful knee was examined in children with 
HMS. Average knee joint pain over the past week was examined using the Coloured 
Analogue Scale. QoL was measured via the Pediatric Quality of Life Inventory. 
Mann-Whitney U tests were performed to compare pain and QoL scores between 
the two groups. 
Results: The results of this study are presented in Table 1.  
Conclusions: The findings of the present study showed that children with HMS had 
significantly higher pain perception and poorer QoL when compared with healthy 
children. Each of the domains of QoL was also significantly poorer in children with 
HMS than healthy children. Pain and QoL assessment might form important 
components of clinical examination for children diagnosed with HMS. Appropriate 
treatment programmes to alleviate pain and improve QoL in children with HMS 
should be developed. 
 
References 
1. Murray K & Woo P. Rheumatol. 2001;40(5):489-491.  
2. Ruperto N et al. Clin Exp Rheumatol. 2004;22(44):95-98. 
3. Beighton P et al. Ann of Rheum Dis. 1973; 32(5):413-418. 
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Table 1: The median (IQR) for pain and QoL measures 
Group  Pain  Physical  Emotional  Social  School  Overall  
Healthy  0.0 (0.0)  100.0 (3.1)  100.0 (10.0)  100.0 (5.0)  100.0 (0.0)  100.0 (6.8)  
HMS  2.5 (5.3)  75.1 (26.6)  90.0 (27.5)  90.0(25.0)  90.0 (45.0)  82.6 (21.8)  
P values  <0.001*  <0.001*  0.003*  <0.001*  0.008*  <0.001*  
QoL domains: Physical = physical functioning; emotional = emotional functioning; 
social = social functioning; school = school functioning; overall = overall QoL. 
*statistically significant at p<0.05. 
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Appendix 4.9: Abstract Submitted to the Annual Conference of the Chartered 
Society of Physiotherapy, Manchester, UK. April 2008 (Under Review) 
 
LACK OF CORRELATION BETWEEN KNEE JOINT KINAESTHESIA AND 
POSITION SENSE TESTS IN CHILDREN WITH HYPERMOBILITY SYNDROME 
 
1Fatoye, F., 2Macmillan, F., 3Palmer, S., 4Rowe, P., 2van der Linden, M.  
 
1Professional Registration Department, Manchester Metropolitan University, Manchester, 
UK; 2School of Health Sciences, Queen Margaret University, Edinburgh, UK; 3School of 
Health & Social Care, University of the West of England, Bristol, UK; 4Bioengineering Unit, 
University of Strathclyde, Glasgow, UK. 
Email: f.fatoye@mmu.ac.uk 
 
BACKGROUND 
Hypermobility syndrome (HMS) is diagnosed when generalised joint laxity is 
associated with musculoskeletal complaints (Ferrell et al. 2004). Impaired knee joint 
proprioception has been found in individuals with HMS. Joint kinaesthesia (JK) and 
joint position sense (JPS) techniques have been used for testing knee joint 
proprioception in healthy children and those with HMS. These two proprioceptive 
tests have shown to elicit different responses in a group of adults with a knee 
problem. Moreover, a preliminary investigation at our department revealed a lack of 
correlation between the two tests in healthy children. It is currently unknown 
whether, in children with HMS, similar disparities are evident. 
 
PURPOSE OF STUDY 
The aim of this study was to investigate the relationship between JK and JPS in 
children with HMS. 
 
RELEVANCE OF STUDY 
The present study will help to determine whether these two proprioceptive tests can 
be used interchangeably and/or if one test reflects the overall proprioceptive ability 
in children with this condition. 
 
PARTICIPANTS 
Twenty nine children diagnosed with HMS (21 girls and 8 boys, mean age (SD) = 
11.9 (1.8) years, range 8-15 years) participated in this investigation. 
METHODS 
Participants were recruited from a rheumatology department and podiatry clinic in 
Edinburgh. Their parents were approached by the consultant rheumatologist and/or 
the head of podiatry. Informed written consent was obtained from the participants 
and their parents/guardians. A diagnosis of HMS was established using the 
Beighton criteria (Beighton et al. 1973). The more painful knee (as reported by the 
children) was examined. Knee JK was assessed at 600 of knee flexion and JPS was 
examined at both 250 and 100 of knee flexion using a motorised proprioception 
assessment device. JK was calculated as the threshold for detection of passive 
movement while absolute angular error (AAE) was calculated as the difference 
between the target and perceived angles for JPS tests.  
 
ANALYSIS 
Spearman Rho Correlation analysis was used to determine the relationship between 
the two measures of proprioception. Statistical significant was set at p < 0.05. 
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RESULTS  
The findings of this study demonstrated no relationship between JK and the two JPS 
test at 250 (r = 0.004; p = 0.984). No correlation was also found between JK and 
JPS at 100 (r = -0.158; p = 0.413). In addition, no relationship was observed 
between JPS test at both test angles (r = 0.136; p = 0.482). 
 
CONCLUSION 
The findings indicated that one proprioceptive test in children with HMS should not 
be substituted for the other. Therefore, both tests should be used for knee 
proprioception assessment to determine the overall proprioceptive function in 
children with this condition. Clinicians are to be aware of this and should not make 
clinical judgement based on independent test of either JK or JPS. 
 
IMPLICATIONS 
The results of this study imply that JK and JPS may be assessing two different 
aspects of proprioception, both of which might be impaired in children with HMS.  
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